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Abstract 
Cu2ZnSnS4 (CZTS), being related to the highly successful Cu(In,Ga)(S,Se)2, and CuInS2 
materials, is a promising candidate for thin film photovoltaic devices. It has the advantage 
that it contains no rare or expensive elements, and therefore has cost-reduction potential 
for commercial systems. 
 A two-stage process for fabrication of CZTS films is presented, which consists of 
sequential electrodeposition of Cu, Sn and Zn layers followed by a heat treatment in the 
presence of S vapour (‘sulfurisation’).   
 Electrodeposition conditions are developed to give uniform Cu|Sn|Cu|Zn 
precursors of controlled morphology and composition, by the use of a rotating disc 
electrode system.  
 Precursors are converted to CZTS by sulfurisation in the presence of elemental S, 
using a rapid thermal processing system (RTP). The sulfurisation reaction is studied by 
XRD and Raman spectroscopy as a function of temperature and at short time intervals, 
and a sequence of reactions is derived for the formation of CZTS. It is shown that the 
sulfurisation reaction occurs within minutes above 500°C. A model is presented for film 
formation when rapid heating rates are employed. 
 The effects of sulfurisation time, background pressure and precursor composition 
on the morphological and structural properties of the CZTS films are investigated.  
Observations of grain size changes and compositional modification are made and 
explained in terms of the likely secondary phases present.   
 The opto-electronic properties of the CZTS films are measured using a 
photoelectrochemical technique.  Changes in the external quantum efficiency and band 
gap are studied as a function of sulfurisation parameters and precursor composition.  
After crystallisation of the CZTS phase during sulfurisation, the photocurrent obtained 
from the films continued to rise upon heating in the absence of S, which is explained by 
changes in acceptor concentration.  Large shifts in the band gap are seen, and some 
proposals are made to explain the behaviour. 
 The observations are discussed in the context of the particular compositions and 
sulfurisation conditions routinely used in the CZTS literature, and recommendations are 
made for further work. 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- viii - 
  
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - ix - 
Acknowledgements 
 
First and foremost I thank my supervisor, Laurie Peter, whose breadth of interests 
allowed me the freedom to pursue an initially rather off-piste project.  There seems to be 
little that he doesn’t know, and he has been an invaluable source of ideas and inspiration.  
Above all, I thank him for giving the appearance of unswerving confidence that I knew 
what I was doing at every stage of this project. 
 
I would also like to thank the members of the Peter group, past and present, for being 
excellent company throughout the trials and tribulations of the PhD process,  especially 
the ‘final few’, Alberto, Claire, Diego, Halina and Ibrahim.  
 
This project would never even have begun without Phil Dale, who got me involved in CZTS 
and patiently set me going with my PhD research. His enthusiasm and dedication have 
been inspirational.  Thanks also to Dominik Berg in Phil’s new group at Luxembourg 
University, for many interesting discussions.  
 
Guillaume Zoppi at Northumbria University in Newcastle has provided assistance, advice 
and free accommodation on many occasions, and I am very thankful for his hard work, 
even if we didn’t have much luck building cells!  
 
Various people have been invaluable for their help with XRD measurements, including 
Gabriele Kociok-Köhn at Bath and Omeed Karimi and Sophie Beckett at Cranfield.  My 
thanks also go to Daniel Wolverson for providing Raman spectroscopy measurements.  
 
Many thanks also to Paul Frith, who built the RDE setup as well as several furnaces and 
other miscellaneous items that were essential to this project. 
 
Finally, of course, I thank my parents, Jill and Ray, among other things for dinners, 
proofreading, and provision of ‘my office’, their living room, for the past few months.  
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- x - 
  
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - xi - 
Work done in conjunction with others  
 
All of the work presented in this thesis was carried out by the author, with the following 
exceptions: 
(1) The Raman spectroscopy measurements presented in Chapters 3 and 4 were 
made by Dr Daniel Wolverson from the department of Physics, University of Bath. 
(2) The secondary ion mass spectrometry measurements were made by Dr Guillaume 
Zoppi at the Northumbria photovoltaics applications centre, Northumbria 
University. 
 
  
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- xii - 
  
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - xiii - 
List of abbreviations 
 
 AAS Atomic Absorption Spectroscopy 
 AFM Atomic Force Microscopy 
 CE Counter Electrode 
 CIGS Cu(In,Ga)(S,Se)2 
 CIS CuInS2 
 CTS Cu2SnS3 
 CZTS Cu2ZnSnS4 
 EDS Energy Dispersive X-ray Spectroscopy 
 EQE External Quantum Efficiency 
 HER Hydrogen Evolution Reaction 
 KCN Potassium Cyanide 
 OVC Ordered Vacancy Compound 
 NHE Normal Hydrogen Electrode 
 RBS Rutherford Backscattering Spectrometry 
 RE Reference Electrode 
 RTP Rapid Thermal Processor/Processing 
 SEL Stacked Elemental Layer(s) 
 SEM Scanning Electron Microscopy 
 SIMS Secondary Ion Mass Spectrometry 
 SLG Soda-Lime Glass 
 TPD Ternary Phase Diagram 
 UPD Underpotential Deposition 
 WE Working Electrode 
 XRD X-ray Diffraction 
 
  
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- xiv - 
  
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - xv - 
List of symbols 
 Symbol Quantity Units 
 A Area cm
2 
 α Absorption coefficient/Transfer coefficient/ Cu/(Zn+Sn) compositional ratio cm
-1
/-/- 
 b Spectral flux density Js
-1cm-2eV-1 
 β Zn/Sn compositional ratio - 
 Chkl Texture coefficient - 
 C Capacitance F 
 D Diffusion coefficient cm
2
s
-1 
 dhkl Lattice spacing of hkl planes Å 
 E Electrode potential/Photon energy V/eV 
 Efb Flat-band potential V 
 Eg Band gap eV 
 Ei, Ei
0 Reduction potential of species i, Standard reduction potential of species i. V 
 ε0 Vacuum permittivity Fm
-1
 
 εr Sample permittivity - 
 η Overpotential V 
 F Faraday constant Cmol
-1 
 ΔfG Free energy of formation kJmol
-1 
 h, k, l Miller indices - 
 hv Photon energy eV 
 I Light intensity Js
-1cm-2eV-1 
 Ihkl Intensity of hkl peak in XRD - 
 J Current density mAcm
-2 
 Jsc Predicted AM1.5 current density mAcm
-2
 
 k Boltzmann constant JK
-1 
 Ln Diffusion length m 
 λ Wavelength nm 
 m Mass kg 
 [M] Concentration molcm
-3
 
 MR Relative atomic mass gmol
-1 
 Na Acceptor concentration cm
-3 
 n Molar quantity/number of XRD peaks mol 
 υ Kinematic viscosity cm
2s-1 
 P Pressure mbar 
 Δφ Degree of band bending V 
 Ф External quantum efficiency - 
 φ Electrodeposition efficiency - 
 Q Charge C 
 q Electronic charge/charge density C/Ccm
-2
 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- xvi - 
 R Gas constant/Reflection coefficient JmolK
-1/- 
 r Atomic ratio - 
 ρ Density gcm
-3
 
 σ Degree of preferential orientation/expansion factor -/- 
 Σ XRD peak for CZTS, CTS or ZnS - 
 T Temperature/Transmission coefficient °C/- 
 t Time/Thickness s/m 
 θ Diffraction angle ° 
 VCu Cu vacancy - 
 V Volume cm
3 
 W Space charge region width m 
 ω Rotation rate rads
-1
 
 x Distance m 
 z Charge coefficient on metal ion - 
 
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - 1 - 
Chapter 1. Introduction 
 
This thesis is concerned with a relatively new compound semiconductor material that has 
a great deal of potential for use in photovoltaic (PV) energy systems. Cu2ZnSnS4, 
abbreviated to ‘CZTS’, is closely related to a family of materials that have been in 5 
development for PV applications since the 1970s [1], and have reached mass production 
in recent years.  PV systems enable direct transfer of the energy in sunlight into electrical 
energy, and they have the potential to provide vast amounts of renewable, non-polluting 
power.  This fact has been long recognised, but historically the costs of PV have been high 
and the manufacturing capacity too low to have a significant impact on the energy 10 
generation sector.  This is now changing; there are increasing concerns about the effects 
and causes of climate change, and the fact that current energy sources are finite, 
polluting and insecure.   
1.1 Thin film photovoltaics 
The fastest growing sector of the PV market is based on ‘thin film’ photovoltaic 15 
technologies. The ‘thin film’ materials in this context are semiconductors that overcome 
one limitation of crystalline silicon – the benchmark photovoltaic material – in that they 
have direct band gaps.  This means that their light absorption coefficients are very high, 
and much thinner films of material can be used to be used to collect the same amount of 
light, making them less materials-intensive. With the exception of amorphous silicon, the 20 
thin film materials are compound p-type semiconductors, the major systems being 
Cu(In,Ga)(S,Se)2 (CIGS), CuInS2 (CIS) and CdTe.  The power conversion efficiency record for 
laboratory scale CIGS devices has recently exceeded 20% for the first time [2].  Another 
key advantage of these materials as compared to Si is their tolerance to defects and grain 
boundaries, which allows for less stringent quality requirements [3].  At the same time, 25 
their compound nature means that the range of processing methods available to produce 
them is immense.  The success of CIGS, CIS and CdTe is only diminished by the fact that 
they contain expensive and rare materials. The cost and availability of In is a particular 
issue that will become pressing in the context of the anticipated deployment of 
photovoltaics on terawatt scales [4, 5].  30 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 2 - 
For reference, a typical thin-film device structure is shown in Figure 1.1, illustrated 
for the case of a CIS or CIGS device. The p-type materials discussed above form the 
‘absorber’ layer in the device, the layer where incident light is absorbed resulting in the 
excitation of electrons. The photovoltaic effect – the all-important generation of a 
potential difference that causes a current to flow – occurs at the interface between the 5 
absorber layer and a transparent n-type semiconductor.  The n-type half of the device is 
actually composed of two layers, a ‘buffer’ layer of CdS which is very thin (~50 nm) and a 
thicker ‘window’ layer of ZnO.  Electrical contact is made with the top of the device by 
addition of a transparent conducting oxide and metallic contact grid.  The absorber layer 
is fabricated on a Mo-coated substrate, which provides mechanical strength and electrical 10 
contact to the back of the film. 
 
 
Figure 1.1. Schematic cross-sectional diagram of a thin film photovoltaic cell, showing the layers that 
comprise it. 15 
 
 
1.2 Cu2ZnSnS4 (CZTS): properties, history and device efficiencies 
 CZTS is notionally derived from CuInS2 (CIS) by substitution of two In atoms for 
one Zn and one Sn atom. This isoelectronic substitution produces a material with many of 20 
the same properties of the parent compound, but one that crucially no longer contains 
any rare or expensive elements.  The desirable properties include p-type conductivity, a 
high absorption coefficient (α > 104cm-1, equivalent to 90% of the incident light being 
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absorbed within 100 nm of the surface) and band gap of around 1.5 eV (the theoretical 
optimum value for solar energy conversion [6]).  Another advantage of the similarity 
between CZTS and CIS is that CZTS may be substituted directly into the standard device 
structure (Figure 1.1). The quaternary Cu-Zn-Sn-S system is also interesting from the 
viewpoint of fundamental science, as it further increases the complexity of the defect 5 
chemistry and electronic structure, while providing additional opportunities for materials 
optimisation by control of stoichiometry and compositional gradients. The compound 
Cu2ZnSnSe4 (CZTSe) is derived similarly, and has a band gap of around 0.9 eV [7].  The 
alloying of CZTS and CZTSe to form a pentanary system is another aspect that is already 
being explored, although this investigation is focussed only on CZTS.   10 
The potential of CZTS was recognised around 20 years ago by Ito and Nakazawa, 
who prepared films by atom beam sputtering of a synthetic CZTS powder source and 
demonstrated a photovoltaic effect at the junction between CZTS and cadmium-tin-oxide 
[8].  In the following decades, Katagiri et al made steady improvements in device 
efficiency, which reached 6.7% in 2007 for a co-sputtered CZTS film that was annealed for 15 
three hours with H2S [9]. Very recently there has been huge growth in the number of 
publications relating to CZTS and CZTSe, with a great variety of techniques employed to 
synthesise and study them. The current best device efficiency is a very promising 9.6% for 
a Cu2ZnSn(S,Se)4-based device, which is even more interesting given that this film was 
synthesised using a solution-based method to deposit a precursor followed by heating 20 
with sulfur [10].  Despite these rapid improvements, the number of detailed experimental 
studies of the basic properties of CZTS has been relatively limited; most reports are 
directed at the production of devices rather than achieving an understanding of the 
material itself. 
1.3 Fabrication processes for thin film materials 25 
In general, the processes used to fabricate thin films fall into two categories, 
which we can describe as ‘single-stage’ and ‘two-stage’.  As the name suggests, single-
stage processes fabricate the complete, crystalline film in one step. A prime example of 
this is the co-evaporation of all the elements onto heated substrates, which has produced 
the best CIGS devices to date [2], although interestingly this is not so far the case for 30 
CZTS.  Two-stage processes comprise the majority of the available preparation methods, 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 4 - 
and include most of the ‘low-cost’ approaches. The first stage is preparation of a 
‘precursor’, which is generally made at room temperature, and contains either (a) only 
the metallic elements or (b) all the elements in an un-reacted or non-crystalline form. In 
the second stage, the precursor is heated, usually in an atmosphere containing a source 
of S (or Se). This is referred to as ‘sulfurisation’ (or ‘selenisation’). The heating stage 5 
induces formation and crystallisation of the desired phase from the precursor film.  The 
first stage can be carried out in a great variety of different ways, examples from the CZTS 
literature including: electron beam evaporation [11], sputtering [9], pulsed laser 
deposition [12], spray pyrolysis [13], nanoparticle or suspension printing [14] and 
electrodeposition [15]. The second, heating stage is similar in most instances. The 10 
crystallisation of CZTS during the heating stage is therefore a matter of considerable 
interest and has been the subject of several publications [16-18].   
 
1.4 Electrodeposition for CZTS precursor production 
This project uses a two-stage approach to produce CZTS films: electrodeposition of 15 
metallic precursor followed by sulfurisation. Electrodeposition is a widespread technique 
for fabricating films, often but not exclusively metals or metal alloys. The process consists 
of immersion of a substrate in a solution of the metal ions and application of a suitable 
voltage (potential difference) which causes the ions to be chemically reduced at the 
substrate surface.  The advantages of electrodeposition from a commercial viewpoint are 20 
that it can be performed in ambient conditions, it uses relatively small amounts of energy 
and it is particularly efficient in terms of materials utilisation [19].  Electrodeposition has 
been used successfully to produce thin film materials for solar cells; both metallic and 
compound precursors have been fabricated. Notable examples are the BP Apollo process 
for CdTe [20] and the CISEL process for Cu(In,Ga)(S,Se)2 [21], both producing devices with 25 
efficiencies of around 10%.   
At the start of this project, there were no reports of the use of electrodeposition to 
fabricate CZTS films. Early work from this project was published in 2008 [15, 22], and in 
the following year there were other publications based on simultaneous work in which 
similar approaches were used [23-25].   30 
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There are three strategies for precursor preparation by electrodeposition, which 
have all since been employed for CZTS: (a) direct compound deposition [26, 27], (b) co-
deposition of a mixed/alloy Cu-Sn-Zn precursor [17, 24] and (c) deposition of sequential 
layers of Cu, Sn and Zn (the stacked elemental layer, or SEL approach) [15, 28].  The first 
approach is experimentally challenging and has so far not yielded working devices, 5 
although progress is promising. The latter two approaches have both given device 
efficiencies of around 3% for both alloy [24, 25] and SEL deposition [29].  This 
investigation makes use of the SEL approach.   
Since the various publications concerning CZTS fabrication by electrodeposition only 
appeared in the latter stages of this project, they did not fundamentally inform the work 10 
carried out herein. Therefore they will only be mentioned briefly in Chapter 2. 
 
1.5 Sulfurisation of CZTS precursors 
As mentioned above, the second stage of the two-stage process is similar regardless of 
the method used to produce the precursor.  A typical approach is to heat the samples 15 
under a flow of H2S in N2 at a temperature of between 500 and 600°C. The current best 
device used a multi-step deposition and sulfurisation process, and in this sense is not a 
classic example of sulfurisation. The previous record device was sulfurised for 3 hours at 
580°C, which is more representative of the typical conditions used for CZTS [9]. The 
effects of sulfurisation conditions will be discussed in more detail in Chapter 4. The 20 
traditional equipment for sulfurisation is a tube furnace, which heats up and cools down 
relatively slowly. The formation reactions for CZTS have been described for such a process 
by Schurr et al [17], and are discussed in Chapter 3.  In this investigation, a rapid thermal 
processing (RTP) system was used to sulfurise the samples. RTP enables very short 
sulfurisation times and very high heating and cooling rates, and has been employed to 25 
produce CuInS2 devices with high efficiency using sulfurisation times of only 3 minutes 
[30].  This type of approach is interesting from the point of view of mass production, since 
it enables high throughput. In its use of RTP, the current work is unique in the CZTS field, 
to the best of our knowledge, and the approach has allowed us to make some interesting 
time-resolved studies of CZTS formation at high heating rates, which are presented in 30 
Chapter 3. 
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1.6 Measuring the opto-electronic properties of CZTS films 
In order to develop good processing techniques for the absorber layer of a PV device, it is 
essential to be able to measure its opto-electronic properties.  This requires making 
electronic contact with the absorber layer, which in many cases is achieved by the 5 
fabrication of a complete device, as illustrated in Figure 1.1. The properties of the device 
are then measured, such as its photovoltage, current under simulated solar illumination 
and its light-to-current conversion efficiency.  Changes in the properties of the device are 
then attributed to changes in the absorber layer.  On the one hand, this approach is 
expedient since it is inherently a device-optimisation strategy.  On the other hand, it relies 10 
on the formation of a good junction between CZTS and the n-type layers, and since the 
fundamental properties of CZTS are not well characterised, it may be the case that the 
standard device configuration is not optimal for CZTS; for example, CdS may not be the 
perfect match to CZTS in terms of band alignment.  Ideally, we would examine the 
properties of the absorber layer in isolation, and then design the rest of the device based 15 
on our findings.  In this investigation, device fabrication was not an option since facilities 
did not exist at the University.  However, the alternative methodology that we adopted 
for opto-electronic characterisation does have its own advantages, in the light of the 
above discussion.  In this investigation, contact with the absorber layer was made by 
means of an electrolyte in which the layer was immersed.  As will be explained in Chapter 20 
5, this contact has similar properties to the p-n junction of a real device, but its properties 
are primarily determined by the absorber layer. With some exceptions, the same 
measurements may be carried out on this ‘photoelectrochemical’ system as can be 
carried out on complete devices.   
 25 
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1.7 The objectives of this investigation 
The objectives of this investigation were as follows: 
(1) To develop an electrodeposition route to fabricate CZTS precursors, using the SEL 
approach.  The success of this objective is judged by the ability to produce a film 
of controlled, uniform composition which can be varied rationally as required.  5 
(2) To optimise the sulfurisation process used to convert the precursor into a CZTS 
film; to achieve complete conversion and demonstrate the correct phase and 
suitable properties for a thin film device. 
(3) To investigate the sulfurisation process in detail, in an attempt to attain an 
understanding of the reported processes used in the literature; at the same time 10 
to develop an RTP process for the absorber layers.  
 
The first objective is the most fundamental, and in this investigation it was the ‘rate 
limiting’ step in terms of the progress of the latter objectives.  Initial success with the 
electrodeposition-sulfurisation method using a tube furnace achieved, in part, objectives 15 
1 and 2.  The uniformity of the electrodeposited precursors was an issue, however, and so 
time was then devoted to making fundamental improvements to this stage of the 
process.  The content of the current report is based entirely on results deriving from 
these latter improvements in the electrodeposition step, which coincided with the arrival 
of the RTP system.  Through improvements of the precursor uniformity, it was possible to 20 
make good progress with objective 3.  The early work was published elsewhere [15, 22, 
23]. 
 
1.8 The structure of this report   
This report consists of four experimental chapters.  Each chapter begins with an 25 
introduction to the relevant literature and theory that is utilised in the experimental 
work.  After the results are presented, they are discussed in the light of the literature 
available, and finally conclusions are drawn.  The first chapter concerns the production of 
precursor films by electrodeposition. The next chapter is concerned with the emergence 
of the CZTS phase in the initial few minutes of the rapid thermal sulfurisation process. In 30 
Chapter 4, we explore how the sulfurisation conditions and precursor composition affect 
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the progress of the reaction, and in the closely-related final chapter, the effects of these 
variables on the opto-electronic properties of the films in studied.  At the end of the 
report, the conclusions from each chapter are gathered and recommendations are made 
for future studies.   
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Chapter 2. Electrodeposition of metallic precursors 
 
Background 
 5 
Electrochemistry is an extremely broad subject area, so the following introduction will 
focus primarily on the concepts required for electrochemical deposition 
(electrodeposition). Only a brief overview will be given, and the reader is referred to Bard 
and Faulkner (2001) for further details [31].  
2.1 Electrochemical deposition (electrodeposition) 10 
2.1.1 The electrochemical cell and the deposition reaction 
In an electrochemical cell, two conductive electrodes are immersed in an electrolyte 
containing a certain concentration of a reducible or oxidisible component.  Additionally, a 
large background concentration of inert ions is provided to ensure good electrical 
conductivity in the solution. The electrodes are connected to an external, controllable 15 
voltage (potential difference), and when a sufficient potential difference, E, is applied 
between them, a current may flow.  Within the bulk of the electrodes the current is 
carried by electron drift and within the bulk of the solution an equal current is carried by 
drift of ions. It is at the electrode-solution interface where the field of electrochemistry 
becomes relevant: at this interface the current is supported by transfer of electrons 20 
between the electrode and the species in solution.  
 
Figure 2.1. Diagram of a two-electrode electrochemical cell under an applied potential, indicating current 
carrying species.  
E 
e–  
     
  
e–  
     
  
     
  
Anode Cathode 
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For electron transfer to occur there must be an easily reducible ionic species in the 
solution. In the case of electrodeposition, a solution of metal cations is provided, and the 
product of electron transfer at the electrode-solution interface is an insoluble material, 
which should adhere to the electrode. Taking the example of Cu electrodeposition from 5 
an electrolyte containing Cu2+/SO4
2-, the electrochemical process at the negative 
electrode (the cathode), which is a reduction, can be written as: 
Cu(a )
2  2    Cu(s)
     
 
The SO4
2- ions do not participate in the electrochemical reaction, but their drift from the 10 
cathode to the anode supports the current flowing in the solution.  Since the 
electrodeposited material is itself conductive, the reaction will continue while the 
potential difference is maintained. The concentration of Cu2+ ions in the solution will 
therefore gradually drop unless they are replenished.  In the industrial case, the positive 
electrode (the anode) is usually made from the same metal, in this case Cu, and the 15 
reverse reaction occurs: 
Cu(s)
  2  Cu(s)
2      
 
In this way the concentration of Cu2+ ions in the electrolyte remains constant. A film of Cu 
develops upon the substrate at the cathode, while the Cu anode gradually dissolves, as 20 
shown in Figure 2.2.  
 
Figure 2.2. Diagram of a two-electrode electrochemical cell undergoing electrodeposition of Cu from a 
solution of CuSO4. 
E 
e–  
       
   
e–  
      
   Cu(a )
2  2    Cu(s)
   Cu(s)
  2  Cu(s)
2   
R 2.2 
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The rate of growth of the Cu film is proportional to the rate of electron transfer, i.e. to the 
current flowing in the system, which can be easily measured.  Expressed as a molar 
quantity, the growth rate of the film per unit area of substrate is simply: 
  
  
 
 
  
     5 
 
where J is the current density in Am-2, z is the charge on the depositing ion (2 in the case 
of Cu2+) and F is Faraday’s constant, 96500 Cmol-1.   Since most metal ions are cations, we 
will always refer to electrodeposition occurring at the cathode, via reduction. 
 10 
2.1.2 The three-electrode cell 
Upon immersion in the electrolyte, the different chemical potential of electrons in the 
electrode and the solution phase means that there is a certain amount of electron 
transfer, which occurs until the chemical potential in both phases is equalised. This 
creates a net charge at the surface of the metal electrode, which is compensated by an 15 
accumulation at the interface of ions from the electrolyte, forming what is known as the 
Helmholtz layer.  The potential drop across this layer cannot be measured directly; any 
physical probe used to do so would also have an unknown potential drop at its own 
surface. Because of this fact, we can only ever measure differences in electrode potential, 
rather than absolute values.  Potentials must therefore always be quoted with respect to 20 
some reference. Any two dissimilar materials immersed in an electrolyte will develop a 
potential difference between them, which may change if electrochemical processes cause 
alterations to their surfaces.  Since in the above case of Cu deposition, both electrodes 
underwent changes as the reaction progressed, the potential difference between them 
will vary.  In order to maintain a steady reference point, we introduce a third electrode, a 25 
‘reference’ electrode, which is a well-defined system containing a redox couple which 
adopts a constant potential difference.  The reference electrode is in contact with the 
wider electrochemical system via a ‘salt bridge’, a porous membrane loaded with ions 
that move in and out of the reference electrode chamber to communicate potential 
changes.  The potential difference between the two other electrodes is defined and 30 
Equation 2-1 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 12 - 
controlled with respect to the potential of the reference.  We rename these other two 
electrodes as the ‘working electrode’, which is the site of the electrochemical reaction of 
interest, and to which is applied the desired potential, and the ‘counter electrode’, which 
is present only to support the current flow and to which is applied whatever potential is 
necessary to do this. Current flows only between the working and counter electrodes to 5 
ensure that there are no chemical changes in the reference electrode.  There are different 
kinds of reference electrodes, which are suitable for different conditions (e.g. strongly 
acidic/alkaline solutions, non-aqueous electrolytes). Their potentials are all defined with 
respect to the absolute standard, the ‘normal hydrogen electrode’ (NHE). 
In practice, we would like to apply either a constant potential difference between 10 
the working and the reference electrode, or a constant current flow between the working 
and the counter electrodes. The former case – constant potential difference – is more 
applicable to this work, and the system used to accomplish it is called a potentiostat.  The 
potentiostat maintains a desired potential difference between the working electrode and 
the reference electrode, even while electrochemical changes are occurring at the working 15 
electrode surface. The current flowing between the working electrode and the counter 
electrode, which may vary as the electrochemistry dictates, is measured as a function of 
the potential.  The first experiment that should be carried out when a new 
electrochemical system is being studied is to measure this dependence of current upon 
working electrode potential, since the current flowing is a direct measure of the rate of 20 
the electrochemical reactions occurring at the electrode surface. The procedure used for 
this is cyclic voltammetry. 
 
Figure 2.3. Diagram of a three-electrode electrochemical cell undergoing electrodeposition of Cu from a 
solution of CuSO4. The value of Ewe is controlled as desired; the value of Ece is set by the potentiostat. 25 
Ew
e 
Ece 
Potentiostat 
J 
W
E 
CE 
RE 
RE – reference 
electrode 
WE – working 
electrode 
CE – counter electrode 
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2.1.3 Cyclic voltammetry in electrodeposition 
Cyclic voltammetry consists of scanning the potential applied to the working electrode at 
a constant rate, reversing the direction of the scan when some chosen potential limits are 
reached.  The current flow is measured throughout the procedure.  As a starting point, we 5 
consider the potential at which zero current is flowing.   In this situation, at the level of 
the electrode-solution interface, there is an equal and opposite transfer of ions across the 
charged Helmholtz layer – a dynamic equilibrium is established with reduction and 
oxidation occurring at the same rate. Since there is no net chemical change, there is also 
no net current.  For the reaction Mz+ + 2e-  M0, the potential at which this equilibrium is 10 
found is denoted the ‘standard reduction potential’,   
0 , and is defined under standard 
conditions (room temperature and pressure, 1M concentrations) with respect to the NHE 
reference.  When the concentrations (formally, activities, a) and temperature of the 
electrolyte are different from the standard values, the actual potential for zero current 
shifts away from   
0  according to the Nernst equation:  15 
 
,           
where R is the molar gas constant (8.314 Jmol-1K-1) and T is the temperature in K.  We can 
now shift the potential away from    to an arbitrary value E, which takes the system 
away from equilibrium. We define the ‘overpotential’, η, as the difference between the 20 
applied potential and the equilibrium potential, i.e.: 
            
 
Returning to the electrode-electrolyte interface, if a negative overpotential is applied 
then the additional build-up of negative charge in the Helmholtz layer accelerates the 25 
reduction reaction and reduces the rate of the oxidation.  There is now a net chemical 
change resulting in a build-up of metal at the electrode, and a corresponding net flow of 
current. A reduction current is negative by convention, and an oxidation current positive.  
If a positive overpotential is applied, then the oxidation reaction is accelerated, a positive 
Equation 2-3 
Equation 2-2      
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current flows and the electrode begins to corrode.  The Butler-Volmer equation describes 
the relationship between overpotential and current density, J: 
  
,  
where J0 is the exchange current density, the equal and opposite current flowing across 5 
the interface at equilibrium. The parameter α represents the ‘reversibility’ of the 
electrochemical reaction, and is related to the shape of the free-energy curve going from 
oxidised to reduced species, i.e. the similarity of the transition state to the two end 
products.  When α is equal to 0.5, the oxidation and reduction processes are equally 
responsive to the applied overpotential and the J-η curve is symmetrical; the reaction is 10 
described as ‘reversible’. If the transition state between oxidised and reduced states is 
closer to one or the other state, then α deviates from 0.5 and the curve is non-
symmetrical.  The Butler-Volmer equation describes the shape of the cyclic 
voltammogram when there is a constant concentration of metal ions in the solution and a 
constant supply of metal in the electrode.   The curve is the same regardless of the 15 
direction of the potential scan.  Examples are shown in Figure 2.4, where the curve has 
been plotted as a function of the applied potential, E.  
 
Figure 2.4. (a) The Butler-Volmer J-E curve for a completely reversible reaction. (b) Modification of the 
curve for a ‘less reversible’ reaction, where the reduced species is favoured.  20 
 
Now consider the situation where the working electrode consists of an inert conductive 
substrate with only a thin layer of the metal at its surface – for example after a small 
Equation 2-4 
         
     
  
      
        
  
   
(a) (b) 
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amount of metal has just been electrodeposited.  Then, when the overpotential is 
positive and oxidation occurs, there is only a finite amount of material available for 
oxidation.  If we are scanning the potential slowly positive, then once the film has been 
completely oxidised the current will drop rapidly to zero. Only when the overpotential is 
made negative again is the film restored by reduction of the metal ions from solution.  5 
The cyclic voltammogram in this situation now exhibits hysteresis – the current depends 
on whether the scan is being made in the positive or negative direction, Figure 2.5(a).   
 
Figure 2.5. (a) The cyclic voltammogram for a film of finite thickness. As the scan goes from positive to 
negative, a film is formed by reduction of metal ions, giving a negative current. As the scan goes back 10 
from negative to positive, the film is oxidised, giving a positive current, until it is completely consumed 
and the current drops back to zero. (b) The cyclic voltammogram for a diffusion-limited process. As the 
scan goes from positive to negative, a negative current arises from film growth, but the consumption of 
ions near the electrode causes the rate of growth to drop again. On the return scan, there is no further 
growth. Upon oxidation, the concentration of ions near the electrode is restored.  15 
As stated earlier, the reduction reaction consumes metal ions in the vicinity of the 
electrode surface; hence the concentration of metal ions drops in this region as the 
reduction proceeds.  The reaction cannot proceed faster than the rate of replenishment 
of metal ions by diffusion or solution convection, and as the reduction continues, fresh 
ions must travel from further into the bulk of the solution. The current drops back to a 20 
small limiting value where a limiting concentration of ions near the electrode surface is 
maintained by diffusion and convection from the bulk. The electrodeposition is now 
described as being under diffusional control. When the Butler-Volmer equation is 
modified to account for a finite rate of ion replenishment, the cyclic voltammogram now 
looks like the one in Figure 2.5(b).  25 
 
(a) (b) 
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2.1.4 The hydrogen evolution reaction (HER)  
A complicating factor in electrodeposition from aqueous solutions is that water itself can 
be reduced at similar potentials to many metal ions. This results in evolution of hydrogen 
gas from the working electrode. The hydrogen evolution reactions (HER) in acidic and 
alkaline solutions are shown below: 5 
H+(aq) + e
-  ½H2(g)    
H2O + e
-  ½H2(g) + OH
-
(aq)
   
 
Since water is present in high concentrations (approx. 55 M), the HER can proceed very 
quickly indeed causing very high currents to flow and large volumes of gas to be given off 10 
from the working electrode, interfering with the electrodeposition processes.  Therefore 
the HER limits the negative potentials that can be used in aqueous systems. The standard 
reduction potential for the HER is defined as 0 V with respect to the NHE, but the 
observed potential changes with pH, according to the Nernst equation: 
 15 
,       
 
where the relation              has been used, and     calculated at room 
temperature.  This equation predicts the potential at which the HER is at equilibrium, with 
no net production of H2.  20 
The reversibility of the HER depends upon the electrode material.  In the case of a 
Pt electrode, the production of H2 is catalysed by adsorption of H atoms to the Pt surface. 
This makes the transfer coefficient α larger, and the reduction rate high. This is expressed 
by saying that the ‘hydrogen overpotential’,    , at Pt is small, i.e. that only a small 
overpotential is required to achieve considerable hydrogen evolution at a Pt substrate.  25 
   is usually defined as the overpotential required to obtain a current density of 1mAcm
-2 
from the HER. In other cases, the hydrogen overpotential is much larger, which allows 
more negative potentials to be used. Since the HER is in general an unwanted reaction, a 
high hydrogen overpotential is desirable, especially when metals that have a rather 
Equation 2-5        
  
  
 
  
 
   
            
R 2.4 
R 2.3 
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negative standard reduction potential are to be deposited.  The hydrogen overpotentials 
of some relevant metals are given in Table 2.I, and the effect of overpotential on current-
potential behaviour is shown in Figure 2.6. 
 
 Substrate material    
[V] Source 
 Pt 0.09 [32] 
 Mo 0.57 [33] 
 Cu 0.45 [32] 
 Sn 0.75 [32] 
 Zn 0.83 [34] 
Table 2.I. Hydrogen overpotentials required to achieve hydrogen evolution at a rate of 1mAcm
-2
 for some 5 
relevant substrate materials. 
 
Figure 2.6. The current flow due to hydrogen evolution resulting from surfaces with different hydrogen 
overpotentials (η2  > η1).  
 As well as the HER, there may be other processes restricting the range of 10 
potentials that can be used in a given system. Examples are the oxidation of water (to O2), 
which has similar behaviour to the HER but gives a positive current, and another 
possibility is the oxidation of the substrate material. This could potentially cause a loss of 
electrical contact, so is to be avoided.  The cyclic voltammogram taking all these 
considerations into account will have a form similar to that in Figure 2.7.  The unwanted 15 
processes at the positive and negative limits of the voltammogram together define the 
‘electrochemical window’ for the system under study.  Within the electrochemical 
window, the major processes occurring are reduction and oxidation of the metal ion or 
film.  
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As we have seen, the cyclic voltammogram can give a lot of qualitative as well as 
quantitative information about the system at hand, including the electrochemical 
window, the (initial) rate of the metal reduction as a function of applied potential and the 
approximate value of the standard potential.  Measurements at different scan rates can 
also be used to determine the diffusion coefficient of the metal ion and the transfer 5 
coefficient α. 
 
Figure 2.7. Schematic cyclic voltammogram for an electrodeposition process showing the various 
reactions contributing to the overall current flow. 
 10 
After the cyclic voltammetry has been recorded, one is able to determine a 
suitable potential to be used during the electrodeposition process. This potential should 
be in a region where the metal ions are being reduced (i.e. negative of the standard 
reduction potential), and ideally should avoid being near the region where hydrogen 
evolution is rapid. In many cases, a certain amount of concurrent hydrogen evolution is 15 
unavoidable, and the result is that not all of the current passage during electrodeposition 
is due to reduction of metal ions; some is as a result of the reduction of water.  As shown 
in Equation 2-1, the thickness of the film is related to the current flow during 
electrodeposition; however, due to the presence of other simultaneous electrochemical 
reactions, it is necessary to determine experimentally the fraction of current that is due 20 
to metal deposition, which is termed the ‘efficiency’ of the electrodeposition.  This can be 
done by making a quantitative analysis of the electrodeposit. 
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2.1.5 Electrodeposition at constant potential 
We now move back to the potentiostatic situation, where the goal is to grow a metal film 
of a pre-determined thickness.  Having determined a suitable potential from the cyclic 
voltammogram, we can apply this and measure the current as a function of time, during 
the growth of the film.  Due to the gradual consumption of the reducible species in the 5 
vicinity of the electrode, the current soon becomes diffusion limited, the resulting current 
density being described by the Cottrell equation: 
 
    
 10 
where [Mz+] is the initial concentration of the reducible species and D is its diffusion 
coefficient under the conditions of the experiment.  The equation implies that the current 
will continue to decrease indefinitely, however in practice this is not the case.  During 
electrodeposition, an initially stagnant solution will develop convection currents due to 
the changes in solution density at the working electrode surface, and these currents 15 
transport fresh solution to the electrode, thus counteracting the depletion of ionic 
material.  At longer deposition times, the current reaches a steady value under the 
combined influence of diffusion and convection.   
In order to deposit a film of a given thickness, we must know the 
electrodeposition efficiency of the process.  The current during electrodeposition is a 20 
summation of currents resulting from all the electrochemical reactions that are occurring, 
of which metal deposition should be the major contributor.  The next largest fraction is 
likely to be hydrogen evolution from water reduction, and there may be other minor 
reactions occurring too.  The total current density during steady state deposition, Jd,ss, can 
be described as the sum: 25 
    
where the subscripts m and H represent metal deposition and hydrogen evolution 
respectively.  Other reactions are denoted by the summation over Ji.  The cumulative 
Equation 2-7 
                
 
 
Equation 2-6 
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charge density during steady state deposition, qd,ss, equal to the integral of current 
density with respect to time, t, is simply: 
 ,   
where we neglect the minor contributions from other reactions aside from deposition 
and hydrogen evolution.  Note that qm is directly related to the molar quantity of metal 5 
deposited in film, n, by the relation: 
   ,    
where z is the charge on the deposition species, F is Faraday’s constant and A is the area 
of the substrate.  
 The efficiency of metal electrodeposition, φm, is the proportion of total charge flow 10 
which results in reduction of metal ions during steady state deposition: 
       
In the early stages of electrodeposition, however, the system is not at a steady state. The 
electrochemical reactions initially occur at the substrate material, which will have a 
specific interaction with the depositing species, as well as its own hydrogen evolution 15 
potential. There is a transitional period as the depositing material nucleates at the 
substrate surface and the substrate becomes covered, after which the substrate surface 
properties change to become those of the deposited material.  In addition, there is a 
period of time over which the concentration of the metal ions near the electrode decays 
to a steady state value as determined by the rate of replenishment of ions by diffusion 20 
and convection. Only after the surface condition and ion concentration have steadied are 
the equations described above valid. During the initial transitional period, the efficiency 
of the electrodeposition will change.  When the overall deposition time is longer than the 
time required to reach the steady state, we can treat the amount of charge passed during 
the transitional period as a constant, q0, and assume a constant efficiency of the initial 25 
deposition, such that the total charge passed during the electrodeposition is given by:  
,   
Equation 2-11 
             
  
  
    
Equation 2-10 
   
  
     
 
Equation 2-9 
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so that the part of the total charge passage which is due to metal deposition alone is 
finally given by:  
    
qd is measured directly during electrodeposition as the integrated total current flow.  To 
determine    we need to obtain values for qm for different total amounts of deposited 5 
material, by making a quantitative analysis of the deposited film. This can be done in 
several ways. If the film can be dissolved in an acidic solution, then various techniques 
exist for determination of the concentration of the metal ion in the solution, for example 
atomic absorption spectroscopy (AAS), titration, UV/vis spectroscopy with the addition of 
a suitable coloured complexing agent, or mass spectrometry.  It is also possible to 10 
measure the amount of deposited material by using a very accurate balance, and this can 
be done during electrodeposition using a quartz crystal microbalance as the working 
electrode.  A convenient electrochemical approach is simply to re-oxidise (or ‘strip’) the 
film after it is deposited, by applying a potential positive of the standard reduction 
potential of the metal.  Assuming (a) that the film is stripped entirely, (b) that the only 15 
metal deposited was the metal of interest and (c) that no other anodic processes, such as 
oxidation of water or the substrate are occurring, then the current flowing during 
stripping is entirely due to oxidation of the film. After the film is entirely removed, the 
integrated current flow is equal to qd.  Experimental determination of the deposition 
efficiency by stripping and AAS will be presented later in this chapter. 20 
 
2.2 Experimental approaches for Cu2ZnSnS4 precursor production 
Having covered the basics of electrodeposition, we can now discuss its application in the 
production of precursors for Cu2ZnSnS4 films.  The aim is to produce films containing the 
metallic elements in a given ratio, which will later be reacted with sulfur.  25 
 
2.2.1 Co-deposition and the SEL approach 
There are two main strategies for metallic precursor production using electrodeposition.  
In the first case, all of the required elements (here Cu, Sn and Zn) can be deposited 
together in one stage to produce a mixed precursor film.  Alternatively, the individual 30 
Equation 2-12               
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elements can be deposited in se uential layers resulting in a ‘stacked’ film. These two 
approaches are referred to as the ‘co-deposition’ and ‘stacked elemental layer’ (SEL) 
routes, respectively.  At the start of this project, neither approach had been used for 
CZTS, however since that time there have been several publications concerning the co-
deposition route [17, 24] and one concerning the SEL route [28], aside from the 5 
publications as a result of this work [15, 23, 35, 36].  
The co-deposition route 
Co-deposition should produce a homogeneously mixed precursor, which may lead to a 
more uniform CZTS film.  However, there are some practical issues with the use of a 
mixed electrolyte.  The main problem is that the conditions required to achieve good 10 
deposits of one metal may differ substantially from those required for another metal, due 
to, for example, the difference in their standard reduction potentials.  When using three 
different metals, a potential must be chosen at which all three are concurrently reduced, 
and then the composition of the electrolyte must be adjusted so that all three are 
deposited at the desired rate. This neglects any interactions between the metals, such as 15 
preferred alloy formation or redox reactions occurring in solution.  Since the stability of 
metal ions in aqueous solutions depends on the pH, but the range of stability depends on 
the particular ion, complexing agents and other additives are generally needed to keep 
the electrolyte stable over time, and these components have their own influence on the 
deposition process for each metal.   All of the above means that targeting a particular 20 
composition using a co-deposition process is non-trivial, and adjusting the composition in 
a rational manner is very difficult. 
The SEL route 
The most significant benefit of using the SEL approach is the ability to easily vary the 
composition of the precursor just by varying the thickness of each layer, i.e. simply 25 
leaving the sample under potential for a longer time, without changing the 
electrodeposition conditions. In addition, since a different electrolyte is used for each 
metal, the electrolyte pH and additive composition can be tailored to achieve the best 
quality deposit with deposition rates, high efficiency and good morphology. Electrolyte 
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stability is critical in industrial processes, and is much easier to achieve using individual 
metal electrolytes.  Although the elements are spatially separated in the precursor, they 
can be caused to mix by appropriate heat treatments, and, since the sample must anyway 
be heated during sulfurisation, a short pre-treatment to achieve this mixing is quite 
straightforward.  This procedure will be described in Chapter 3. 5 
There are some restrictions on the possible stacking orders when using the 
electrodeposition method to produce a layered precursor.  In particular, the standard 
reduction potentials of Cu, Sn and Zn are very different; for example, at the potential 
required to electrodeposit Cu, a Zn deposit would be oxidised and stripped from the 
substrate. Therefore a sensible deposition sequence for the stack would be in order of 10 
increasingly negative standard reduction potential, i.e. Cu2+ (+0.342 V vs. NHE), followed 
by Sn2+ (-0.136 V vs. NHE) and finally Zn2+ (-0.76 V vs. NHE) [37].  Altering this order could 
result in spontaneous dissolution of the substrate upon immersion in the deposition 
solution, which would make control of composition and uniformity difficult. Araki et al 
investigated the influence of different stacking sequences on the properties of CZTS 15 
devices produced by electron-beam evaporation followed by thermal sulfurisation [38].  
They concluded, based on the device parameters, that a Mo|Zn|Sn|Cu stack was most 
favourable for CZTS formation and gave better adhesion to the substrate. This stacking 
order is not easy to achieve by electrodeposition; however, the authors also noted that 
placing Cu and Sn in adjacent layers was important, and at least this criterion is fulfilled by 20 
the deposition sequence dictated by the electrochemical approach: Mo|Cu|Sn|Zn. 
A particular consideration for the SEL route is the uniformity of each layer.  There 
are two levels of uniformity that we need to control: 
(1) Microscopic uniformity, i.e. the morphology of the electrodeposited material. As 
far as possible we require smooth films with complete coverage of the substrate. 25 
(2) Macroscopic uniformity, i.e. the thickness/density of coverage of the 
electrodeposit must be constant over as much of the sample area as possible.   
If each layer of the precursor stack is completely smooth and has constant thickness, then 
the composition is the same at all points.  This is the ideal case and will give us the best 
chance of achieving uniformity in the final CZTS film.  Microscopic non-uniformities in any 30 
of the precursor layers may lead to local composition variations in the CZTS film, while 
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macroscopic non-uniformities in any of the precursor layers will lead to compositional 
gradients extending across the entire area of the CZTS film. Both effects are illustrated in  
Figure 2.8.  Microscopic uniformity (morphology) is primarily controlled by the electrolyte 
composition and deposition potential. Macroscopic uniformity will depend on the 
configuration of the electrodeposition cell and mass transport.  We will now briefly 5 
discuss the control of these factors in electrodeposition.  
 
 
 
Figure 2.8. Schematic illustration of cross-sections through (a) an ideally uniform SEL precursor, (b) a 10 
precursor with microscopic non-uniformity in the second layer and (c) a precursor with macroscopic non-
uniformity in the bottom layer.  (b) and (c) result in compositional variations over the area of the sample. 
 
2.2.2 Morphological control in electrodeposition 
The growth mechanisms of electrodeposited films can be very complex. Briefly, we can 15 
either have ‘two-dimensional’ growth, where the film grows by successive nucleation of 
atomic layers, giving a rather flat surface, or we can have ‘three-dimensional’ growth, 
wherein material is preferentially deposited at projecting surfaces, or nucleation is faster 
upon the deposited material rather than the substrate. This leads to very rough, dendritic 
films which may show incomplete substrate coverage.  The mode of growth may be 20 
influenced by the deposition potential, which is controllable, or it may be affected by the 
interactions between the solute and the substrate.  To achieve flatter morphology, 
surfactants are commonly added to electrodeposition solutions to control the properties 
of the electrode-solution interface.  The surfactant molecules selectively adsorb to 
surface sites with lower coordination – i.e. projecting regions – blocking the addition of 25 
further material. In this way, the growing film is smoothed out.  
 
2.2.3 Mass transport control in electrodeposition 
Another important consideration in electrodeposition is the control of bulk electrolyte 
flow – i.e. convection.  As mentioned above, natural convection currents are responsible 30 
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for maintaining a constant current during potentiostatic electrodeposition; however the 
convection current set up during electrodeposition at a vertical working electrode 
produces non-uniform solution transport, as shown in Figure 2.9. This results in an 
enhanced current density at the bottom of the electrode and a reduced current density at 
the top, translating to a gradient in deposit thickness across the electrode. 5 
   
 
Figure 2.9. Illustration of the natural convention currents set up during electrodeposition at a vertical 
working electrode.  
In order to avoid thickness variations, convection must be deliberately provided in a 10 
uniform way. There are various ways to achieve uniform ‘forced’ convection, and the 
simplest approach for small-scale work is the ‘rotating disc electrode’ (RDE). In this 
arrangement, the working electrode is positioned in one face of a cylindrical block, which 
is placed face-down in the solution and rotated. The electrolyte is drawn towards the 
rotating electrode, and the flow is constant at all points on the electrode surface, 15 
assuming that (a) the working electrode diameter is small compared to the total disc 
diameter and (b) that the solution extent is large compared to the diameter of the disc.  
The rotating disc electrode configuration is shown in Figure 2.10. 
 
Figure 2.10. The rotating disc electrode configuration for achieving uniform solution transport to the 20 
working electrode surface. 
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The relationship between the limiting (i.e. mass transport controlled) current density and 
the rotation rate of the electrode is given by the Levich equation for the RDE: 
 
   5 
 
where ω is the angular velocity of the disc (in rad s-1) and v the kinematic viscosity of the 
electrolyte, its viscosity divided by its density, which is equal to 0.01cm2s-1 for water.  
 
Having established the procedures to be used for electrodeposition, we now move 10 
on to the composition of the electrodeposition solutions themselves.  
Equation 2-13                           , 
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2.3 Electrodeposition of Cu, Sn and Zn 
Industrially, electrodeposition is a very widespread process with applications in 
electronics, the manufacture of mechanical components, production of corrosion-
resistant coatings and the finishing of decorative items [19].  There are a great many 
different aqueous electrolyte chemistries, and complex additive systems to control 5 
morphology, electrolyte stability and the mechanical properties of the deposit. Most of 
these systems are proprietary and the function of the additives is not always well-
understood.  In this investigation, the ultimate aim is to produce semiconducting films, 
and therefore we require the minimum of contamination. Relatively simple electrolyte 
chemistries are therefore preferred. Where possible, these were derived from 10 
industrially-relevant systems to demonstrate the applicability of the electrodeposition 
method for mass-production of PV systems. 
 A fundamental requirement of an electrodeposition electrolyte is for the metal 
cations to be stable in solution, in the presence of water and oxygen.  Thermodynamic 
stability is achieved by the choice of a pH at which the cation will not undergo hydrolysis. 15 
Complexing agents are also often used to provide kinetic stability, and these also tend to 
influence the morphology of the deposit.  In addition, a high concentration of an inert 
background electrolyte (which may also be the pH-determining component) is provided, 
so that the conductivity of the electrolyte is high.  Finally, surfactants are used where 
necessary to improve the morphology of the deposits.  20 
   
2.3.1 Electrodeposition of Cu 
The electrolytes used for Cu fall into two main categories: the alkaline electrolytes, which 
use strong complexing agents to stabilise the Cu2+ ions, and acidic electrolytes, where 
Cu2+ is thermodynamically stable.  For reasons that will become apparent later, only the 25 
alkaline chemistries were suitable for this investigation.  The ‘classic’ alkaline Cu 
electrolyte has a pH around 14 and is based on cyanide as a complexing agent.  The 
electrolyte is very effective in producing high- uality deposits up to around 10 μm in 
thickness, but the toxicity of cyanide is a considerable disadvantage. Recently, alternative 
complexing agents have been introduced, which are commonly multi-dentate 30 
polyalcohols such as tartrate, citrate, glycerolate and sorbitate [19].  In this work, an 
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alkaline electrolyte containing sorbitate was used, after Carlos et al [39]. This electrolyte 
was shown to give bright (i.e. very flat and uniform) Cu layers without the need for 
additives. Two sorbitate anions complex each Cu2+ ion [39].  
2.3.2 Electrodeposition of Sn 
Two electrolytes for Sn were used in this work. Firstly, a similar alkaline sorbitol bath as 5 
used for Cu was reported by Carlos et al [40].  The possibility of using a similar chemistry 
for all the three layers was attractive since it suggests that co-deposition could also be a 
viable option.   The stabilisation of Sn2+ with respect to oxidation to Sn4+ – which is 
insoluble in alkaline solutions – is of paramount importance, so a greater concentration of 
sorbitol is used in this electrolyte.  This electrolyte was used in our earlier work, however 10 
it tended to give rather poor morphology [22, 29].  An alternative electrolyte, based on 
methane sulfonic acid (CH3S(O)2OH) and commonly used for the industrial 
electrodeposition of Sn, was adopted. Methane sulfonic acid is able to stabilise Sn2+ over 
a wide pH range, and surfactants, typically based on the quaternary ammonium cation, 
are commonly added to improve the surface morphology of the deposits.  In the absence 15 
of additives the Sn films are usually rather rough [19].  
2.3.3 Electrodeposition of Zn 
The most widespread chemistry for Zn electrodeposition is the ‘acid chloride’ electrolyte, 
which is simply a pH 3-5 solution containing, for example, KCl. Zn has a very negative 
standard reduction potential (-0.76V vs. NHE), and hydrogen evolution is therefore 20 
competitive. In order to avoid large changes of pH at the electrode surface (due to 
consumption of H+ by the hydrogen evolution reaction), a pH buffer was used in this 
investigation. Additives are always used to control the morphology and help reduce 
hydrogen evolution [19]. A search of the patent literature indentified a typical polymeric 
additive, shown in Figure 2.11. 25 
 
 
Figure 2.11. A typical additive used in Zn electrodeposition to improve the deposit morphology: 
quaternized poly[bis(2-chloroethyl) ether-alt-1,3-bis[3-(dimethylamino)propyl]-urea].  
30 
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Experimental 
2.4 Description of electrodeposition methodology 
2.4.1 Substrates 
The substrates used in this investigation were usually Mo-coated soda-lime glass (Mo-
SLG). The Mo layers were prepared by RF magnetron sputtering, and were approx. 1μm 5 
thick. The glass slides themselves were 1mm thick. After cutting to the desired size, the 
substrates were cleaned by sonication for 5 minutes in, sequentially, detergent (5 vol% 
decon-90), ethanol and isopropanol.  
 Where noted, a Pt substrate was used, which consisted of a 3mm diameter Pt rod 
embedded in a plastic sheath and polished back to present a clean surface for 10 
electrochemical studies.    
2.4.2 Electrolytes 
The electrolytes used for electrodepositions and electrochemical studies were prepared 
fresh on the day of use.  The solutions were prepared from distilled or milliQ water by 
adding first the background electrolyte and/or pH-modifying agent, followed by the 15 
complexing agent (if used), then the metal salt and finally any other additives. The 
chemicals used are shown in Table 2.II. In the case of the alkaline Cu electrolyte, 
dissolving of CuSO4.5H2O was assisted by heating the solution to ca. 50°C for 10 minutes. 
 
 Electrolyte Composition 
 Cu (Alkaline 
sorbitol) 
3  NaOH (Reagent grade, Aldrich), 0.2  Sorbitol (≥99.5% (HPLC), Sigma), 0.1  
CuSO4·5H2O (≥98%, Sigma), (where stated: ≤0.025 vol% Empigen BB (N,N-Dimethyl-
N-dodecylglycine betaine, Sigma)). 
 Sn 
(Methanesulfonic 
acid) 
1  ethanesulfonic acid (≥99.5%, Sigma-Aldrich), 50 mM Sn(II) methanesulfonate 
(50wt% in H2O, Aldrich), 0.1 vol% Empigen BB (see above). 
   
 Zn (Acid chloride) 2  KCl (≥99.0%, Sigma), 1wt% pH 3 Hydrion buffer (Sigma), 50 m  ZnCl2 (98%, 
Aldrich), 0.2 wt% Poly[bis(2-chloroethyl) ether-alt-1,3-bis[3-(dimethylamino)propyl]-
urea], quaternized, 62 wt% in H2O, Sigma). 
Table 2.II. Electrolyte compositions used in this study. 20 
 
2.4.3 Electrochemical setup 
Most of the data presented herein were recorded using an Autolab 20 potentiostat.  The 
reference electrode used depended on the pH of the solution; for alkaline solutions a 
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Hg|HgO (1M NaOH) reference (0.14 V vs. NHE) was used, and for acidic solutions a 
Ag|AgCl (saturated KCl) reference (0.197 V vs. NHE) was used.  The counter electrode was 
a Pt sheet.  
2.4.4 Cyclic voltammetry 
Cyclic voltammograms were taken by selecting a potential at which no current was 5 
flowing as a start point, and then after a few seconds of equilibration at this potential, 
initiating the scan in the negative direction.  The scan was repeated until a steady state 
was reached.  
2.4.5 Deposition procedure at vertical working electrodes 
Substrates were prepared for deposition by delineating the area to be coated using PTFE 10 
tape.  The substrate was mounted above the electrochemical cell (solution, counter and 
reference electrodes) using a crocodile clip connector.  The deposition potential was 
applied, and then the substrate was introduced into the solution.  Deposition was carried 
out until the integrated current (cumulative charge passage) exceeded a preset value, at 
which point open circuit (i.e. zero current flow) conditions were imposed.  After 15 
deposition, the substrates were quickly removed from the setup and the excess 
electrolyte was rinsed off with milliQ water.  The PTFE was removed and rinsing 
continued for ca. one minute. The sample was then dried under flowing nitrogen. 
2.4.6 Deposition procedure at the rotating disc electrode 
The rotating disc electrode (RDE) head used in this investigation was custom-built to 20 
accept the substrates in use, which were approx. 25 x 18 mm in size.  A recess 27 x 19 mm 
and 1 mm deep was made in a cylindrical polypropylene block. A brass core was made 
that extended through the block to end flush with the inner surface of the recess. A hole 
in the other end of the brass core was made to accept the spindle coming from the RDE 
motor, and a small screw allowed the RDE head to be tightened onto the spindle. The RDE 25 
head is illustrated in Figure 2.12(a) and the mounting of substrate and connection of the 
RDE head to the motor are shown in Figure 2.12(b). 
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Figure 2.12. (a) RDE head design showing cross sectional view and a view of the lower face. (b) Schematic 
of RDE head attachment to the RDE motor. 
 
Substrates were mounted into the RDE head as shown in Figure 2.13. Two strands of 5 
copper wire (approx. 0.05 mm in diameter) were first laid over the exposed brass core 
inside the sample recess and held in place using kapton (polyimide) tape (a). The 
substrate was then placed in the recess, and the ends of the copper wires were bent 
around to the substrate surface to make contact with the Mo layer (b).  Finally, strips of 
kapton tape were used to mask the borders of the substrate, whist simultaneously 10 
holding the substrate in place, affixing the copper wire connections firmly to the 
substrate to facilitate good electrical contact, and finally, ensuring that the only electrical 
connection between the working electrode and the solution was via the substrate surface 
(c).   
 15 
Figure 2.13. Method of mounting substrates into the RDE head and making electrical connection to the 
front surface. (a) Copper wires taped onto the exposed brass core, (b) substrate placed in recess and ends 
of copper wire wrapped around to the front face of the substrate, (c) masking the edges of the substrate 
with polyimide tape. 
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The typical path resistance between the centre of the substrate surface and the 
working electrode connection at the potentiostat was around 1 Ω. About 0.5 Ω of this 
arose from the sheet resistance of the Mo, and as subsequent Cu and Sn layers were 
deposited, this component dropped to < 0.1 Ω. The remainder of the resistance arose 5 
from the Mo-copper wire contacts. 
The electrodeposition cell, the RDE and the other electrodes were mounted on a 
stand which was tilted at an angle of about 5° to the vertical.  This was to ensure that 
when the RDE was lowered into the electrolyte, no air bubbles would be trapped at the 
working electrode surface (see Figure 2.14).   10 
The RDE rotation rate was controlled by a built-in tachometer. The rotation was 
initiated prior to immersion of the RDE head.  The rest of the deposition and cleaning 
procedures used were the same as described in Section 2.4.5.  
 
 15 
Figure 2.14. The assembled electrochemical cell using the RDE, prior to working electrode immersion. 
2.5 Characterization of electrodeposited films 
SEM images and compositions were recorded using a JEOL6480LV microscope with EDS 
capability (Oxford Instruments). For top-down imaging, samples were earthed by 
contacting the exposed area of the Mo substrate with carbon-loaded putty. 20 
 For EDS measurements, an accelerating voltage of 20 kV was used.  Spectra were 
recorded for 100s of live-time. The error in the EDS measurement was reduced as far as 
possible by calibrating the beam current using a Co standard between measurements.  
For a large series of measurements repeated at the same location on a sample, the 
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random errors in the atomic percentages of Cu, Sn and Zn were about 0.6, 0.8 and 0.5 % 
respectively. EDS line-scans were performed over 3mm sections which were then 
concatenated. For estimation of film thickness variations over a large area, the peak 
heights in the EDS spectra were recorded at uniformly spaced locations on the samples. 
For quantitative analysis of overall sample composition, spectra were recorded at a 5 
magnification of 100 times, and averaged over several locations on the sample. 
XRD spectra were recorded in Bragg-Brentano mode with a Siemens D-5000 
diffractometer using a CuKα radiation source (λ=1.5406Å). 
 
10 
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Results and discussion 
 
We will initially look at the cyclic voltammetry of the Cu, Sn and Zn electrolytes 
individually, and the morphology of the electrodeposits produced from them.  
Throughout the discussion, reduction potentials are calculated using tabulated standard 5 
reduction potentials and taking into account the pH and concentration of the electrolyte, 
according to the Nernst equation (Equation 2-2 and Equation 2-5).   The standard 
reduction potentials are taken from reference [33]. The Nernst equations for some 
relevant electrochemical reactions are shown in Table 2.III. 
 Reaction Standard reduction potential vs. NHE 
 H
+ + e-  ½ H2 + H2O -0.0591pH (Equation 2-5) 
 CuO2
2- + 2H2O + 2e
-  Cu + 4OH- (alkaline) -0.342 – 0.128 ln([OH]4/[Cu2+]) 
 Cu
2+ + 2e-  Cu0 (acidic) +0.324 – 0.128 ln(1/[Cu2+]) 
 Sn
2+ + 2e-  Sn0 -0.138 – 0.128 ln(1/[Sn2+]) 
 Zn
2+ + 2e-  Zn0 -0.762 – 0.128 ln(1/[Zn2+]) 
Table 2.III. Reduction potentials for some relevant reactions, calculated from tabulated standard 10 
reduction potentials using the Nernst equation.  
 
2.6 Electrodeposition of Cu  
 
The electrodeposition of Cu was carried out from a strongly alkaline solution, so an alkali-15 
resistant mercury-mercury oxide (Hg|HgO) reference electrode was used, which has a 
potential of +0.14 V vs. NHE. In the following discussion, all potentials are given with 
respect to Hg|HgO. 
 
2.6.1 Substrate considerations 20 
The substrate used for electrodeposition also forms the back electrical contact to the final 
CZTS film.  Mo is usually used as it makes ohmic contact to p-type semiconductors such as 
CIGS, and CZTS is expected to behave similarly. Unfortunately, as a substrate for 
electrodeposition Mo has some limitations.  The behaviour of Mo as a substrate depends 
upon the pH of the electrolyte.  In acidic conditions, the electrode dissolves as Mo3+ ions, 25 
which in the presence of oxygen form a passivating layer of MoO3.  The cell potential will 
now primarily be dropped over this insulating layer as opposed to over the metal-
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electrolyte interface, and electrodeposition will not occur effectively.  The passive layer 
can be removed by soaking in a solution of KOH or NH4OH to restore the activity of the 
electrode [33].  This process of passivation apparently happens very rapidly; for example, 
even when the potential was applied prior to immersion of the working electrode, 
attempts to electrodeposit Cu from a typical acid chloride solution failed to give adherent 5 
films. In another example of the electrochemical SEL approach to fabricating CZTS 
precursors, the authors found it necessary to sensitise their electrode with palladium ions 
to overcome the issue of passivation [28].  In alkaline conditions however, and especially 
when under cathodic polarisation, Mo dissolves as MoO4
2- and does not become 
passivated.  Therefore use of an alkaline electrolyte is the natural solution for 10 
electrodepositing at Mo. 
The electrochemical window of Mo at pH 14 
The range of potentials that we can apply to a Mo electrode in a given solution is 
determined in the negative scan by the hydrogen evolution reaction (HER) and in the 
positive scan by the oxidation of Mo.  The relevant electrochemical reactions and 15 
potentials at pH 14.5 (3 M NaOH) were calculated as described above in Table 2.III. The 
potentials are now given with respect to Hg|HgO: 
H2O + e
-  ½ H2 + OH
-    (E = -1.00 V)   
Mo + 8OH-  MoO4
2- + 4H2O + 3e
- (E = -0.34 V)   
 20 
The hydrogen overpotential for Mo is about -0.57 V for a current density of 1 mAcm-2 
[33], so appreciable H2 evolution should not be observed until about -1.57 V.  To 
determine the electrochemical window of Mo experimentally, cyclic voltammetry was 
carried out in a pH 14.5 solution, as shown in Figure 2.15. In the voltammogram for Mo, 
both of the above reactions can be seen close to the expected potentials. Hydrogen 25 
evolution occurs more positive than predicted, but Mo oxidation occurs where expected.  
R 2.6 
R 2.5 
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Figure 2.15. Cyclic voltammetry of a pH 14.5 solution at a Mo electrode.  
 
The substrate oxidation process would ideally be far positive of the oxidation of Cu, so 
that we are able to measure the complete cyclic voltammogram for Cu deposition at Mo 5 
substrates. However, as will be seen, the oxidation of Cu occurs at similar potentials to 
that of Mo, so we would see oxidation of the substrate if trying to study the complete 
cyclic voltammogram for Cu.  For this reason, Pt electrodes were sometimes used for 
electrochemical studies of the alkaline Cu electrolyte, as the oxidation of platinum does 
not occur until much higher potentials.   10 
 
2.6.2 Cyclic voltammetry of the alkaline sorbitol electrolyte for Cu 
The composition of the alkaline sorbitol electrolyte for Cu is shown in Table 2.IV. 
Component Concentration [M] 
NaOH 3.0 
Sorbitol 0.2 
CuSO4.5H2O 0.1 
Table 2.IV. Composition of the alkaline sorbitol electrolyte for Cu[39]. 
 15 
A cyclic voltammogram for Cu deposition at a Pt electrode is shown in Figure 2.16. The 
deposition and stripping processes (labelled) are clearly seen. At pH 14.5 and a Cu(II) 
concentration of 0.1 M, the electrochemical reaction and potential for Cu reduction and 
hydrogen evolution are [33]: 
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CuO2
2- + 2H2O + 2e
-  Cu + 4OH- (E = -0.568 V)  
H2O + e
-  ½ H2 + OH
-    (E = -1.00 V)    
 
Both the reduction and oxidation peaks are rather displaced from the expected potential. 
The negatively shifted reduction peak can be attributed to complexation of Cu2+ by 5 
sorbitate anions as [Cu(O2C6H8(OH)4)2]
2-.  This complexation vastly reduces the 
concentration of CuO2
2-, and therefore by the Nernst equation (Equation 2-2) the 
reduction potential of Cu should be pushed to more negative values. Taking an 
approximate onset of the deposition as –0.95V, the Nernst equation gives a free CuO2
2- 
concentration of 10-15 M – i.e. Cu is very strongly complexed by sorbitol. The positively 10 
shifted oxidation peak, with reference to the above voltammetry of Mo, is clearly in the 
same region as Mo oxidation, showing the importance of using a Pt substrate in this case. 
The hydrogen evolution reaction (HER) can also be seen in the figure. Based on the 
overpotential of Pt the HER would be expected to occur somewhere negative of -1.09 V, 
but it in fact occurs only at more negative potentials. This is because the Cu layer grows 15 
before the potential for the HER is reached, which increases the hydrogen overpotential 
of the electrode (see Table 2.I). The HER would then be expected at around -1.31V, as is 
indeed observed. A suitable potential for electrodeposition of Cu based on the cyclic 
voltammetry is therefore around -1.1 to -1.2 V vs. Hg|HgO.  
 20 
Figure 2.16. Cyclic voltammetry of the alkaline sorbitol electrolyte for Cu at a Pt electrode.  Arrows 
indicate the direction of the scan, which was started at -0.7 V, reversed at -1.7 V and again at 0 V. The 
scan rate was 50mVs-1. Dashed lines show the expected positions of Cu(II) reduction and hydrogen 
evolution. 
R 2.8 
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2.6.3 Morphology of electrodeposits 
When films were deposited at a constant potential of -1.1 V, the alkaline sorbitol 
electrolyte gave excellent results, yielding bright, strongly adherent layers.  A typical SEM 
image is shown in Figure 2.17(a). However, as the layer thickness was increased above 
around 100 nm, its morphology became worse, which indicates preferential deposition 5 
upon projections from the Cu layer, i.e. three-dimensional growth.   
 
Figure 2.17. SEM images of electrodeposited Cu films from the alkaline sorbitol electrolyte containing (a) 
no additive, (b) 0.015 vol% Empigen BB and (c) 0.025vol% Empigen BB. 
 10 
As mentioned in Section 2.2.2, this problem is typically controlled using a surfactant to 
reversibly block such unsaturated sites on the electrode surface. Here, a quaternary 
ammonium surfactant was added to the electrolyte.  The structure of this molecule, 
which is known as Empigen BB, is shown in Figure 2.18.  The morphology of the Cu film 
improved upon addition of the surfactant, with larger and more uniform grains being 15 
observed – see Figure 2.17(b) and (c).  AFM data indicated a decrease in surface 
roughness as more Empigen BB was added, as shown in Table 2.V.  The addition of 
Empigen BB also reduced the rate of electrodeposition, as a consequence of blocking up 
surface sites, so the quantity added to the electrolyte was kept as low as possible to 
achieve smooth films with a reasonable deposition rate. 20 
 
Figure 2.18. The structure of the surfactant used in the alkaline sorbitol electrolyte, which has the trade 
name Empigen BB. 
 
 25 
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - 39 - 
 
Quantity of Empigen BB [vol%] RMS surface roughness [nm] 
0 28.0 
0.015 20.6 
0.025 17.0 
Table 2.V. Surface roughness of Cu films from electrolytes with different amounts of Empigen BB, 
measured by AFM.  
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2.7 Electrodeposition of Sn: the methane sulfonic acid electrolyte 
 
An acidic electrolyte was used for the deposition of Sn, and the reference electrode used 
in this situation was silver-silver chloride (Ag|AgCl), which has a potential of 0.197 V vs. 
NHE. All potentials in the following discussion are given with respect to Ag|AgCl. 5 
 
2.7.1 Substrates 
Since Sn forms the second layer in the precursor, the substrate should now be a Cu-
coated Mo electrode. Due to its more negative standard reduction potential, the stripping 
peak for Sn is negative of that for Cu and the full cyclic voltammogram may be examined 10 
on a Cu substrate without danger of damaging the substrate. 
 
2.7.2 Cyclic voltammetry 
The composition of the methane sulfonic acid electrolyte for Sn is shown in Table 2.VI.  
Note that this electrolyte contains a surfactant, as recommended in the source literature 15 
[19]. The pH of the electrolyte is around 1.0. 
Component Concentration 
Sn(II) methane sulfonate Sn(CH3SO2O
-)2 0.05 M 
Methane sulfonic acid CH3SO2OH (50 wt% in H2O) 1.0 M 
Empigen BB (N,N-Dimethyl-N-dodecylglycine 
betaine 
0.1 vol% 
Table 2.VI. Composition of the methane sulfonic acid electrolyte for Sn. 
 
The relevant electrochemical reactions at pH 1 are [33]: 
Sn2+ + 2e-  Sn  E = -0.37 V  20 
H+ + e-  ½ H2 + H2O  E = -0.26 V  
 
The hydrogen overpotential of Sn is -0.75 V, so the HER should not occur at a significant 
rate until about -1.0 V.  
The cyclic voltammogram for this electrolyte at a Cu substrate is shown in Figure 2.19.  25 
The displacement of the voltammogram towards more negative potentials than those 
R 2.10 
R 2.9 
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expected from the standard reduction potential for Sn2+ can be explained by 
complexation of Sn2+ by MSA.  There is no significant current due to hydrogen evolution in 
the range of potentials shown in the figure, which should mean that Sn is deposited with 
high efficiency. 
 5 
Figure 2.19. Cyclic voltammetry of the methane sulfonic acid Sn electrolyte at a Cu electrode. Dashed line 
indicates calculated position of Sn(II) reduction. 
A suitable potential for potentiostatic deposition based on the cyclic voltammetry is 
around -0.4 to -0.6 V vs. Ag|AgCl. 
2.7.3 Morphology of electrodeposits 10 
The deposits obtained using this electrolyte were strongly adherent and highly reflective. 
Figure 2.20 shows the morphology of a typical deposit.  The film is conformal with large, 
uniform grains.   
 
Figure 2.20. SEM image of electrodeposit obtained from the methane sulfonic acid electrolyte for Sn at a 15 
potential of -0.55 V vs. Ag|AgCl.  
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2.8 Electrodeposition of Zn from an acid chloride electrolyte 
 
A Ag|AgCl reference electrode was used with the Zn electrolyte.  In the following 
discussion, all potentials are given with respect to this electrode (0.197 V vs. NHE). 
2.8.1 Substrates 5 
As the final layer of the precursor, the substrates for Zn depositions should ultimately be 
Mo|Cu|Sn films. However, to simplify substrate preparation for studying the 
electrochemistry of the Zn electrolyte, Cu-coated Mo electrodes were used. 
 
2.8.2 Cyclic voltammetry of the acid chloride electrolyte for Zn 10 
The constituents of the electrolyte are shown in Table 2.VII.  Since Zn has a rather 
negative standard reduction potential, hydrogen evolution is expected to occur to some 
extent during deposition.  The hydrogen evolution reaction will increase the pH in the 
vicinity of the working electrode because H+ ions are consumed.  The pH buffer is used to 
maintain a constant pH throughout the deposition so that the deposition conditions do 15 
not change.   
 
Component Concentration 
ZnCl2.2H2O 50 mM 
pH 3 Hydrion® buffer 1 g per 100 ml 
KCl 1 M 
Polymeric surfactant (see Table 2.II) 0.2g/100ml 
 Table 2.VII. Composition of the acid chloride electrolyte for Zn. 
 
The relevant electrochemical reactions at pH 3 are: 20 
Zn2+ + 2e-  Zn0 (E = -1.00 V)   
H+ + e-  ½ H2 + H2O  (E = -0.37 V)  
 
The HER should not in fact occur until around -1.20 V if the substrate becomes covered 
with Zn, due to its high hydrogen overpotential.  The cyclic voltammetry of the acid 25 
chloride electrolyte is shown in Figure 2.21(a).  The main deposition and stripping waves 
R 2.12 
R 2.11 
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can be clearly seen, close to the expected potential.  As well as these primary peaks, at 
around -0.75V there is an underpotential deposition couple (a smaller deposition and 
stripping peak at more positive potentials compared to the primary peaks), which is 
shown more clearly in Figure 2.21(b).  
 5 
Figure 2.21. (a) Cyclic voltammetry of the acid chloride Zn electrolyte at a Cu substrate. (b) Close-up cyclic 
voltammetry in the region of the underpotential peaks (several voltammograms with different reversal 
potentials are shown). 
Underpotential deposition (UPD) occurs in the early stages of electrodeposition if a stable 
alloy can be formed between the substrate and the depositing species, in this case Cu and 10 
Zn respectively. Cu and Zn can alloy over a large compositional range at room 
temperature, as will be discussed in Chapter 3. The underpotential deposition reaction is 
shown below:  
Zn2+ + 2e- + Cu  Zn-Cu  Eupd = -0.96 - ΔfG/2F  
 15 
The (negative) free energy of formation of the Cu-Zn alloy, ΔfG, shifts the reduction 
potential by an amount equal to -ΔfG/zF. Therefore a deposition peak is observed at more 
positive potentials than the primary peak.  When the substrate is completely covered and 
the depositing species is no longer interacting directly with the original substrate 
material, the reduction potential returns to its usual value.  Upon stripping, the alloy 20 
phase also requires a more positive potential before it can be oxidised due to the 
additional strength of the bonding between its elements.  This entire process appears as 
an additional pair of peaks at more positive potentials than the main deposition and 
stripping peaks.  ΔfG in this case is around 54kJmol
-1. 
R 2.13 
(a) (b) 
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Based on the cyclic voltammetry, a reasonable potential for potentiostatic deposition of 
Zn films is around -1.1 to -1.3 V vs. Ag|AgCl. 
2.8.3 Morphology of Zn electrodeposits 
Zn deposits at Cu electrodes were bright and strongly adherent, and it was found that a 
potential of -1.22 V gave the best results.  Figure 2.22(a) shows the surface morphology of 5 
the Zn electrodeposit. The film completely covers the substrate and shows a uniform 
grain size.  Some pits can be seen, which may correspond to sites of hydrogen evolution 
during deposition.   
 
Figure 2.22. (a) Morphology of Zn electrodeposit from the acid chloride electrolyte at a Cu electrode. (b) 10 
morphology of Zn deposited under the same conditions at a Sn electrode. 
The final step in precursor preparation would be to electrodeposit Zn on top of 
Mo|Cu|Sn substrates; however it soon became clear that Zn deposition at Sn electrodes 
was problematic.  In contrast to the films produced at Cu substrates, the Zn films grown 
on Sn substrates were poorly adhering and had very poor coverage and morphology, as 15 
seen in Figure 2.22(b). In addition, considerable hydrogen evolution was seen when 
depositing at Sn, whereas it had not been seen when depositing at Cu. 
The failure of Zn to nucleate at Sn could be attributed to an oxide layer on the Sn 
surface, but SnO2 should be reduced to Sn at a much more positive potential than that 
used for the deposition of Zn (approx. -0.55 V at pH 3 cf. -1.22 V), therefore we can 20 
eliminate this as the source of the problem.  Instead it seems that it is the hydrogen 
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evolution reaction occurring at Sn that interferes with Zn deposition, blocking surface 
sites and therefore preventing nucleation and growth of Zn grains.  
2.8.4 Understanding the difference in Zn deposition at Cu and Sn substrates  
The fact that the HER is the dominant reaction at Sn substrates when attempting to 
deposit Zn but that the same problem is not seen at Cu substrates runs contrary to the 5 
expected behaviour: the hydrogen overpotential for Sn is in fact much higher than that 
for Cu (0.75 V compared to 0.45 V), so if anything a Sn substrate ought to be preferable to 
a Cu substrate when depositing a metal with a very negative reduction potential like Zn. 
Table 2.VIII gives values of hydrogen overpotential,    ,for the electrode materials 
concerned here, as well as the potentials at which the HER is consequently expected to 10 
occur on each substrate. In the following discussion, all potentials are quoted with 
respect to the Ag|AgCl reference electrode.  
Substrate     [V at 1mAcm
-2 
current density] 
EoHER -      [V vs. 
Ag|AgCl] 
Cu 0.45 -0.82 
Sn 0.75 -1.12 
Zn 0.83 -1.20 
Table 2.VIII. Hydrogen overpotentials ηHER at different substrate materials, the potential at which 
evolution of hydrogen is expected to occur at a current density of 1mAcm-2 
When taking      into account, the HER should occur at about -1.12 V at the Sn electrode, 15 
which is positive of the potential used for Zn deposition (-1.22 V). Thus the concurrent 
evolution of hydrogen when Zn is deposited at the Sn electrode is not surprising. 
However, since      at Cu is lower than that at Sn, the HER should in fact be very vigorous 
at Cu electrodes at -1.22 V; yet this is not observed and Zn deposits uniformly without 
hindrance by the HER.  An explanation can be found in the cyclic voltammetry of the Zn 20 
electrolyte at different electrodes.  In Figure 2.23(a), a clear underpotential deposition 
(UPD) wave can be seen at the Cu electrode, corresponding to the favourable formation 
of a Cu-Zn alloy in the initial stages of deposition.   The same is not observed at a Sn 
electrode, Figure 2.23(b), although in other respects the voltammetry is the same.  The 
lack of a UPD wave at the Sn electrode is due to the fact that there are no Zn-Sn alloys – 25 
the free energy of mixing is positive at all compositions in the Zn-Sn system [41].   We 
suggest that the possibility for underpotential deposition is the decisive factor for the 
electrodeposition of Zn in this instance, as will now be explained. 
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Figure 2.23. Cyclic voltammetry of the acid chloride Zn electrolyte at (a) a Cu substrate and (b) a Sn 
substrate, showing (a) the presence and (b) the absence of an underpotential deposition couple at -0.75 
V.   5 
 
For Zn deposition at Cu, the UPD wave occurs positive of the HER, at about -0.75 
V. Thus in the very early stages of deposition, a thin Zn layer will nucleate very quickly and 
     for the electrode will increase towards the value for pure Zn; the HER is no longer 
expected until about -1.20 V. At this potential, as seen in the voltammogram (Figure 10 
2.21), Zn deposition is already rapid compared to the HER: approx. 13 mAcm-2 compared 
to 1 mAcm-2. Therefore Zn deposition out-competes the HER and we would expect an 
efficiency of about 93 % (in fact, we find about 90%, as will be seen later in this Chapter).   
For Zn deposition at Sn, there is no equivalent underpotential deposition process, so the 
HER dominates from the outset. Since Zn cannot effectively cover the substrate, the 15 
hydrogen overpotential remains much lower than the deposition potential. The 
deposition efficiency is low and the resulting Zn deposit has very poor surface coverage. 
 
2.8.5 Enabling Zn deposition by adding a second Cu layer 
The solution to this problem was to deposit a second layer of Cu over the Sn layer before 20 
depositing the final Zn layer, resulting in a Cu|Sn|Cu|Zn stack.  As was previously 
mentioned, the order of standard reduction potentials of Cu and Sn should make 
deposition of Cu on top of Sn difficult because the substrate ought to be oxidised at the 
potentials at which Cu is deposited.  However, because of the considerable negative shift 
(a) (b) 
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of the Cu deposition wave due to sorbitol complexation, this is less of a problem.  The 
cyclic voltammetry of the alkaline Sn electrolyte mentioned in Section 2.3.2 is shown in 
Figure 2.24, overlaid with the cyclic voltammetry of the alkaline sorbitol Cu electrolyte. 
The deposition peak for Cu is actually close to that of Sn, despite the difference in their 
standard reduction potentials, due to the complexation of Cu(II). Sn is stripped at 5 
potentials positive of around -1.1 V, whereas Cu deposition can be carried out at more 
negative potentials than this, in principle allowing the deposition of Cu on a Sn substrate 
without substrate oxidation. In practice, a rather negative potential of -1.45 V vs. Hg|HgO 
was required to achieve complete coverage of the Sn substrate by Cu without substrate 
oxidation. This potential was therefore applied for a few seconds at the start of the 10 
deposition to obtain complete coverage, after which the potential was reduced to -1.10 V 
to continue Cu deposition. 
 
Figure 2.24. Comparison of pH 14.5 voltammetry for Cu and Sn.  
 15 
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2.9 Achieving macroscopic uniformity in the precursor 
In the previous section, conditions were established for electrodeposition of a 
Cu|Sn|Cu|Zn stack with good layer morphologies.  As discussed, it is also important to 
produce layers of uniform thickness over the entire area of the substrate.  
2.9.1 Issues with electrodeposition at vertical working electrodes 5 
 In earlier work, depositions were made at vertical electrodes immersed in unstirred 
solutions.  This allowed for a simple setup and it was initially assumed that the natural 
convection currents created during electrodeposition would not contribute significantly 
to the mass transport and therefore that the films would be relatively flat.  CZTS films 
were prepared from Cu|Sn|Zn stacks (made using the alkaline sorbitol Sn electrolyte), 10 
and the results from these were reported in references [15, 22, 23].  However these films 
exhibited large variations in composition as a function of position on the sample: they 
were usually Zn-rich at the edges, and thicker at the bottom of the sample.  A measure of 
the thickness of the individual layers of the precursor was made using linear EDS scans 
along sections of the films, which were approx. 8 x 10 mm. Figure 2.25(a)-(f) shows some 15 
examples of scans in both directions (left-right, top-bottom) across Cu, Sn and Zn films 
produced by electrodeposition at a vertical working electrode. Note that EDS does not 
give a direct measure of film thickness; the EDS signal comes from a teardrop-shaped 
volume of material originating at the point where the electron beam enters the sample.  
In all instances discussed here, Mo was visible in the EDS spectrum, which fact means that 20 
the entire depth of the precursor was being probed.  Therefore variations in the strength 
of the EDS signal do correspond to variations in the thickness of the film (i.e. the amount 
of film encompassed by the teardrop volume changes), although not necessarily in a 
linear fashion.  From the figures, it is apparent that there is a large degree of thickness 
variation, especially in the Cu and Sn layers, and especially from the bottom to the top of 25 
the film. The fact that the thickness variations are different for each element shows that 
the composition of the film will indeed vary considerably over the area of the sample.  
The pattern of thickness variations is consistent with mass transport during 
electrodeposition occurring by natural convection, as described in 2.2.3.  
 30 
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - 49 - 
 
  
 
 
Figure 2.25. EDS line scans showing thickness variations as a function of position in two perpendicular 5 
directions across films produced at vertical working electrodes in unstirred solutions: Cu (a, b); Sn (c, d); 
Zn (e,f). 
Since mass transport is strongly influencing the uniformity of the precursor, we must use 
forced convection to make the mass transport towards the substrate uniform at all 
points.  A rotating disc electrode was adopted in order to achieve this. 10 
 
(a) (b) 
(c) (d) 
(e) (f) 
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2.10 Electrodeposition at the rotating disc electrode (RDE) 
2.10.1 Influence of forced convection on the cyclic voltammetry 
A rotating disc arrangement was designed as described in Section 2.4.6. The rotation rate 
controls the rate of mass transport towards the electrode surface. When the deposition is 
under diffusion control, this will therefore control the current density.  This is illustrated 5 
for Sn in Figure 2.26.  In the cyclic voltammetry, it can be seen that increasing the rotation 
rate increases the current density at potentials negative of the peak that is seen in the 
unstirred voltammogram – i.e. in the region where the deposition was diffusion 
controlled, the RDE accelerates the deposition. At higher rotation rates, there is no peak 
at all, because the replacement of the solution at the electrode surface by convection is 10 
more rapid than its consumption.  The Levich equation (Equation 2-13) was used to 
calculate diffusion coefficients based on the limiting current density as a function of 
rotation rate. Values of 2.2x10-6, 8.5x10-6 and 8.3x10-5 cm2s-1 were derived for Cu, Sn and 
Zn respectively.  The diffusion coefficient for Zn is considerably higher than for Cu and Sn, 
which explains why the uniformity of Zn was less affected by natural convection currents 15 
when depositing at a vertical working electrode (see Section 2.9.1). 
 
 
Figure 2.26. Influence of RDE rotation rate on cyclic voltammetry of Sn deposition at a Cu electrode. 
Numbers indicate the rotation rate in revolutions per minute (rpm). 20 
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2.10.2 Uniformity of films deposited using the RDE 
Plots of EDS signal magnitude as a function of position are shown in Figure 2.27 for Cu 
films deposited using the RDE.  For rotation rates of 200 and 300 rpm, the standard 
deviations in signal magnitude were 3.0 and 2.4 % of the mean values respectively, over 
an area of 15 x 15 mm. This is a considerable improvement on the data presented in 5 
Figure 2.25(a) and (b). Similar plots, Figure 2.28(a) and (b), were made for Sn layers 
deposited from the methane sulfonic acid electrolyte at 100 and 300 rpm, where the 
standard deviations in thickness were 4 and 2 % of the mean values respectively.   
 
Figure 2.27. EDS maps of Cu electrodeposits showing thickness variations at (a) 200 rpm and (b) 300 rpm. 10 
 
 
Figure 2.28. EDS maps of Sn electrodeposits showing thickness variations at (a) 100 rpm and (b) 300 rpm. 
 
(a) (b) 
(a) (b) 
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In the case of Zn, the behaviour is different.  A rotation rate of 100 rpm gave the most 
uniform films, while faster rotation rates caused the films to become cloudy.  The 
diffusion coefficient of Zn2+ is much higher than the values for Cu and Sn, so the 
deposition rate depends not upon mass transport but on the rate of reaction of Zn2+ at 
the electrode surface.  Variations in the magnitude of the potential difference as a 5 
function of position can therefore affect the thickness of the deposit.  It is important in 
this case to have a uniform distribution of the electric field between the working and 
counter electrodes, which can be achieved by using a symmetrical arrangement of the 
counter and working electrodes.  There is a general tendency for electric field lines to 
concentrate at the edges of electrodes [37], which can be offset to some extent by using a 10 
higher concentration of background electrolyte, providing a higher ionic conductivity.  
Figure 2.29(a) and (b) show the effect of increasing the background electrolyte 
concentration in the case of Zn deposition at the RDE. In (a), 1M KCl was used as a 
background electrolyte, and the edges of the film are clearly thicker than the central 
region. In (b), with a concentration of 2M, this effect is present but much reduced.  The 15 
standard deviations as a percentage of the mean values were 10 and 5% respectively.  
 
 
Figure 2.29. Effect of background electrolyte concentration on relative thickness of electrodeposited Zn 
films as a function of position: (a) 1 M KCl (b) 2 M KCl. 20 
 
Within the available time frame, and given the limitations of the equipment, the layer 
uniformity could not be improved further.  The uniformity of the Cu and Sn layers would 
(a) (b) 
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benefit from a larger RDE diameter and a much larger volume of electrolyte, in order 
better to meet the conditions for uniform mass transport at the RDE as described in 
Section 2.2.3. The working electrode radius should be small compared to total RDE radius, 
and the solution depth should be large compared to RDE radius.  In the present case, 
these conditions are not truly met, so there will be disruptions to the ideal flow scenario 5 
resulting from interactions of the flow pattern with the sides of the deposition vessel and 
the counter electrode, as shown in Figure 2.30. The volumes of chemicals required to 
approximate the ideal case would be prohibitive for small-scale work. On a larger scale, 
there are many successful approaches for achieving good film uniformity by controlling 
mass transport (either laminar or turbulent flow can be used) [19]. However, with the 10 
small-scale process developed herein, there will be some inherent limitations placed on 
the compositional uniformity of the final CZTS film.  
 
 
 15 
Figure 2.30. Schematic flow diagrams in the RDE setup for (a) the ideal RDE geometry – large RDE 
diameter compared to working electrode diameter, large solution depth compared to RDE diameter – 
giving laminar flow; (b) the experimental geometry employed herein. 
 
  20 
(a) (b) 
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2.11 Finalised deposition conditions for precursor stacks 
We can now summarise the finalised electrodeposition conditions for each layer of the 
precursor stack.  These are shown in Table 2.IX. 
 
Layer Electrolyte composition Potential [V vs. (ref)] Rotation rate [rpm] 
Cu (1) 3 M NaOH, 0.2 M Sorbitol, 0.1 M 
CuSO4.5H2O, 0.025 vol% Empigen BB 
-1.08 (Hg|HgO) 300 
Sn 1 M methane sulfonic acid, 50 mM Sn(II) 
methane sulfonate, 0.1 vol% Empigen BB 
-0.55 (Ag|AgCl) 300 
Cu (2) As above. -1.45 for 2s, then -1.10 
(Hg|HgO) 
300 
    
Zn 2 M KCl, 1 wt% pH 3 hydrion buffer, 0.2wt% 
polymeric surfactant (see Table 2.II) 
-1.22 (Ag|AgCl) 100 
Table 2.IX. Electrodeposition solutions and conditions for each stage in the preparation of Cu|Sn|Cu|Zn 5 
precursors. 
Current-time curves for potentiostatic depositions of each layer under the conditions 
described in Table 2.IX are shown in Figure 2.31. The structure of the curves in each case 
is similar: there is an initial spike of current at the instant of electrode immersion which 
corresponds to charging of the double layers at the surface of the electrodes.  This occurs 10 
very quickly, and then deposition begins. The current decreases to a steady value when 
the rate of replenishment of the electrolyte at the electrode surface is equal to the rate of 
consumption of the ions by deposition.  For the first layer of Cu deposition, Figure 2.31(a), 
this process is quite protracted and the current drops substantially over about 40 seconds 
despite the high rate of stirring.  This perhaps indicates that there is some change in the 15 
deposition mechanism over time.  In contrast, the curves for Sn and Zn (Figure 2.31(b) 
and (d)) show equilibration within a few seconds.  The second layer of Cu deposition, 
Figure 2.31(c), has two sections corresponding to the two potential steps employed.  The 
current is negative at all times, which means that stripping of the Sn substrate was 
negligible.  20 
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Figure 2.31. Current-time curves for each stage of Cu|Sn|Cu|Zn precursor deposition: (a) Cu deposited at 
Mo, (b) Sn deposited at Cu, (c) Cu deposited at Sn, (d) Zn deposited at Cu.  Deposition conditions are 
given in Table 2.IX. 5 
 
2.11.1 Efficiency of electrodeposition steps 
Having determined conditions to deposit each layer of the precursor stack with good 
morphology and uniformity, it is now necessary to determine the deposition efficiency for 
each layer, in order that a stack with the desired composition and thickness can be 10 
produced.  In Section 2.1.5 an expression was derived that related the total deposited 
charge, qd, to the charge due to metal deposition alone, qm, which is repeated below: 
,   
where φm is the efficiency of electrodeposition – the fraction of the charge that is due to 
metal electrodeposition at steady state – and q0 is a constant amount of metal deposited 15 
during the early stage of deposition before the solution concentration and surface 
properties have reached a steady state. qd is automatically recorded during 
electrodeposition. Determination of qm is easily made for Sn and Zn on Cu substrates, by 
Equation 2-14               
(a) (b) 
(c) (d) 
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switching to a potential at which the deposit is re-oxidised, i.e. stripping the film, 
immediately after deposition.  An example of this experiment is shown in Figure 2.32(a).  
Zn was deposited for 60 seconds at a potential of -1.1 V vs. Ag|AgCl and then immediately 
stripped by switching to a potential of -0.4 V. The current is negative during deposition, 
corresponding to reduction of Zn2+, and positive during stripping, as Zn is re-oxidised.  The 5 
stripping current is much higher than the deposition current since the concentration of Zn 
in the electrodeposit is significantly higher than the concentration of Zn2+ in the solution. 
The integrated current density (equivalent to cumulative charge density) is shown in 
Figure 2.32(b). It increases steadily during deposition, and, upon switching of the 
potential, rapidly drops as the electrodeposit is removed.  The values of qm and qd are 10 
indicated on the plot, as well as the charge passed that was due to other reactions, most 
likely hydrogen evolution, qH.  
 
Figure 2.32. (a) Current flow and (b) charge passage during deposition and subsequent stripping of a Zn 
film. Deposition potential = -1.1V vs. Ag|AgCl, stripping potential = -0.4 V vs. Ag|AgCl.   15 
 
In this way, qm was measured for a series of films with different total deposition charges 
qd.  A plot of qm against qd yields the deposition efficiency from the gradient and  q0 from 
the x-intercept.  This is shown for Sn and Zn in Figure 2.33.  
In the case of Cu, qm cannot be measured by stripping because of the 20 
aforementioned oxidation of the Mo substrate.  Instead, the deposited films were 
dissolved in acid and the resulting solutions analysed by atomic absorption spectroscopy 
(AAS) to determine the concentration of Cu2+ ions. The absolute quantity of Cu in the film 
was then derived by knowledge of the precise solution volumes, and this was converted 
to an equivalent deposition charge, according to Equation 2-9. The results are shown in 25 
(a) (b) 
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Figure 2.34. The derived deposition efficiencies and values of q0 are shown in Table 2.X 
for each metal. 
 
Figure 2.33. Stripped charge as a function of the amount of charge passed during deposition for (a) Sn 
deposited at Cu and (b) Zn deposited at Cu. Electrodeposition conditions were given in Table 2.IX. 5 
 
Figure 2.34. Quantity of Cu recovered by AAS experiment (expressed as equivalent charge) as a function 
of charge passed during electrodeposition. Electrodeposition conditions were given in Table 2.IX. 
 
Metal E [V vs. (Ref)] EHER + ηHER [V vs. (Ref)] φm [%] q0 [Ccm
-2
] 
Cu -1.08 (Hg|HgO) -1.31 (Hg|HgO) 100 0.002 
Sn -0.55 (Ag|AgCl) -1.00 (Ag|AgCl) 94 0.006 
Zn -1.22 (Ag|AgCl) -1.20 (Ag|AgCl) 90 0.031 
Table 2.X. Steady state electrodeposition efficiencies, φm for each metal, and constant charge density q0 10 
corresponding to initial hydrogen evolution at substrate.  Also shown are the deposition potentials, E, 
and the potential at which hydrogen evolution is expected, EHER, taking into account the hydrogen 
overpotential, ηHER, of the depositing material.    
 
As can be seen in Table 2.X, the depositions in each case are very efficient. Based 15 
on the potential difference between the deposition potential and the expected hydrogen 
evolution potential, one would predict that Zn would be the least efficient, and have the 
(a) (b) 
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largest value of q0, which is indeed observed. Sn would be predicted to have the highest 
efficiency; however, this is not the case according to these data. Knowing these 
parameters, we can calculate the molar quantity of metal deposited for a given charge 
passage, which enables us to control the composition and thickness of the precursor 
stack. 5 
 
2.11.2 Design of precursor thickness and composition 
The key parameters of the precursor stack are its composition and thickness. The 
composition can be defined by the ratios of the atomic percentage of each metal, ri: 
     10 
 
,       
according to the condition that: 
.      
These can be rearranged to give the values of atomic percentage:  15 
     
   
.   
The thickness of the precursor, tp, is the sum of the individual layer thicknesses, and can 
be expressed in terms of the molar quantity of each metal, ni, the molar mass MR,i and the 20 
density, ρi, for a film with total area A: 
   
The molar quantity of metal is proportional to the charge per unit area passed during 
deposition of the metal, qm,i: 
Equation 2-21 
Equation 2-20 
Equation 2-19 
Equation 2-18 
Equation 2-17 
Equation 2-16 
Equation 2-15 
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  ,      
where zi is the charge on the metal ion and F is Faraday’s constant. Combining this with 
Equation 2-21 gives us an expression for film thickness as a function of the deposition 
charges: 
    5 
The charge passage associated with each layer, qm,i, is related to the atomic percentage of 
element i in the finished precursor by the expression: 
    
This allows us to re-express Equation 2-23: 
.  10 
Finally, we obtain solvable expressions for each value of qm,i by substituting Equation 2-24 
again: 
,   
which is rearranged to give Equation 2-27: 
   15 
 
This equation allows us to calculate the deposition charge for each metal layer based on 
the desired composition and thickness of the finished precursor. In fact, we are more 
interested in the thickness of CZTS film that will form from the precursor by sulfurisation. 
During sulfurisation, the mass of the film increases due to S incorporation, and the 20 
density decreases as the CZTS phase forms.  The thickness of the sulfurised film, tc, is 
related to the precursor thickness by an expansion factor, σ.  
,     
Equation 2-28 
Equation 2-27 
Equation 2-26 
Equation 2-25 
Equation 2-24 
Equation 2-23 
Equation 2-22 
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where mc and ρc are the mass and density of the sulfurised film.  Deriving explicit 
expressions for these two variables is not straightforward, since the sulfurised film may 
be made of multiple phases.  However, for the case of a perfect CZTS phase, ρc is known 
and we can calculate mc simply from the fact that, based on the formula unit of CZTS, the 
metal atoms from the precursor account for approx. 71% of the mass of the final 5 
sulfurised film. If we make the reasonable assumption that the expansion is similar even 
for non-stoichiometric films, we can conclude that: 
     
We can calculate the precursor mass, mp, using a similar approach as for tp, which gives:  
,   10 
And therefore the expansion factor σ is given by: 
.   
For a stoichiometric film (rCu = 0.5, rSn = rZn = 0.25), σ is about 2.3, so we should expect 
the films roughly to double in thickness during sulfurisation. 
The final expression for determining the amount of each metal to electrodeposit 15 
to obtain a CZTS film of a given thickness and composition (assuming no change in 
composition occurs during sulfurisation) is derived by substituting Equation 2-31 into 
Equation 2-27 and taking into account the efficiency of electrodeposition (Equation 2-12): 
 
  20 
 
The required constants are given in Table 2.XI. 
Material MR [gmol
-1
] ρ *gcm
-3
] zi φ [%] q0 [Ccm
-2
] 
Cu 63.55 8.94 2 100 0.002 
Zn 65.39 7.14 2 90 0.031 
Sn 118.71 7.35 2 90 0.006 
CZTS - 4.88 - - - 
Table 2.XI. Parameters required for calculation of deposition charges in precursor fabrication. 
Equation 2-32 
Equation 2-31 
Equation 2-30 
Equation 2-29 
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In this investigation, the film thickness was usually targeted to be 1 micron after 
sulfurisation, since thicker samples tended to flake off the substrate during sulfurisation. 
For a stoichiometric film (α = β = 1), Equation 2-32 gives deposition charges of 0.433, 
0.234 and 0.270 Ccm-2 for Cu, Sn and Zn respectively.  Cu was always divided equally 5 
between the two layers in the Cu|Sn|Cu|Zn stack.  
 
2.11.3 Application of Equation 2-32 in precursor design 
Using the approach above, and the measured data for deposition efficiencies, two series 
of precursors were designed: one series with variable α ratio and constant β, and one 10 
with constant α and a variable β ratio. The samples were heat-treated at 250-300°C for 
several minutes to induce alloying (see Chapter 3).  The compositions of the samples were 
measured using EDS and the actual and predicted values are plotted in Figure 2.35(a) and 
(b). The dotted lines in the figures indicate where the predicted value is equal to the 
measured value.  The measured β (Zn/Sn) ratio matches extremely well with the 15 
predicted ratio over a large range of composition.  The measured α (Cu/(Zn Sn)) ratio, 
however, deviates systematically from the prediction.  There are a number of reasons this 
could have occurred. The first possibility is that the Cu deposition is not as efficient as was 
thought.  The efficiency estimated from AAS was 99.7%; however the measured and 
predicted data can be brought into close coincidence if the efficiency is assumed to be 20 
lower, around 80% (this is indicated in Figure 2.35(a)).  This modification does not affect 
the data for the Zn/Sn ratio, and would mean that the AAS experiment was 
overestimating the Cu2+ concentration in the dissolved samples.  It is also possible that 
EDS was underestimating the Cu content because of a depth-dependent distribution of 
Cu, although the Zn/Sn estimate is apparently not affected.  In both cases shown in Figure 25 
2.35, the measured composition varied linearly with the predicted composition, which 
indicates that the deposition efficiencies do not vary with the deposit thicknesses, in line 
with expectations.    
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Figure 2.35. Measured precursor compositions plotted against the predicted compositions based on 
charge passage during electrodeposition calculated using Equation 2-32, for compositional ratios (a) α = 
Cu/(Zn+Sn), and (b) β = Zn/Sn. Dotted lines indicate where the data points should lie if the prediction is 
correct. The open symbols in (a) show the predicted composition if the Cu deposition is assumed to be 5 
80% efficient (see text for explanation). 
It was decided to continue with this method of designing precursors with the 
assumed lower Cu deposition efficiency. Sample compositions were always measured 
directly by EDS rather than relying on the predicted values. As will be seen, processes 
occurring during and after sulfurisation can also modify the final composition of the CZTS 10 
films.    
 An example of the expansion of the precursor during sulfurisation is shown in 
Figure 2.36, where it can be seen that the expansion factor is indeed approx. 2.7, as 
predicted based on the relative densities of the precursor and sulfurised films. 
 15 
 
Figure 2.36. Edge-on SEM images of (a) a precursor and (b) a section of the same sample after 
sulfurisation, showing the increase in film thickness due to reaction with S. 
(a) (b) 
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2.12 Characterisation of a complete Cu|Sn|Cu|Zn stack 
EDS maps were made of a complete precursor stack over an area of 14 x 14 mm.  The 
compositional ratios α and β are shown in Figure 2.37 as a function of position. The 
standard deviation in both cases is 3-4% of the mean value, similar to the random error in 
the measurement itself.  It appears that the Zn layer is thicker at the edges, which causes 5 
α to decrease and β to rise; this limitation was discussed above.  The uniformity in the 
central 10 x 10 mm portion of the film is, however, quite good.  
 
Figure 2.37. (a) Cu/(Zn+Sn) and (b) Zn/Sn ratios as a function of position measured on a Cu|Sn|Cu|Zn 
precursor stack. 10 
The X-ray diffraction (XRD) spectrum of a precursor is shown in Figure 2.38.   
 
Figure 2.38. XRD pattern for Cu|Sn|Cu|Zn bilayer on Mo-SLG.  
(a) (b) 
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Elemental Cu and Sn are visible, but Zn is not.  It is possible that the Zn deposit is non-
crystalline/disordered.  Interestingly, there are peaks visible for the alloy phases Cu0.8Zn0.2 
and Cu6Sn5, which may have formed during deposition and subsequently grown in the 
interval between deposition and the diffraction experiment.  This will be discussed in 
greater detail Chapter 3. 5 
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Conclusions 
Electrodeposition is a widely used technique in many industries, and compared to other 
methods of thin film deposition it is cost-effective, uses less energy and makes efficient 
use of materials.  The aim of this section of work was to develop an electrodeposition 
procedure for the preparation of Cu-Sn-Zn films upon Mo-coated substrates. These 5 
‘precursors’ will be converted to Cu2ZnSnS4 films by thermal introduction of S.  The 
requirements for the precursor films are: (1) that the Cu-Sn-Zn stoichiometry should be 
readily controllable, (2) that the stoichiometry should be constant over the entire area of 
the sample and (3) that the precursor morphology should be flat and uniform.  A ‘stacked 
elemental layer’ (SEL) approach was favoured over co-deposition since it allows greater 10 
control of composition and optimisation of individual metal electrolytes, and is therefore 
a much more versatile approach for development work.  The stacking order dictated by 
the order of reduction potentials for the three metals is Mo|Cu|Sn|Zn, which is different 
from the proposed ‘best’ order of Araki et al [38] (Mo|Zn|Sn|Cu), which may have 
implications for the sulfurisation process.  15 
Electrolytes for Cu, Sn and Zn were selected to be representative of real industrial 
versions: an alkaline non-cyanide Cu electrolyte, a methane sulfonic acid Sn electrolyte 
and an acid chloride Zn electrolyte. Cyclic voltammetry was used to investigate the 
deposition behaviour and the range of potentials for deposition and stripping were 
established, which in most cases simply related to the standard reduction potentials of 20 
the metal concerned.  Film depositions were made and it was found that in each case 
surfactants were required to improve the morphology. This may lead to the incorporation 
of organic components into the film, which could affect the properties of the final 
semiconducting film. 
Production of Mo|Cu|Sn|Zn stacks was not achievable due to the failure of Zn to 25 
deposit at Sn electrodes.  This was attributed to vigorous hydrogen evolution occurring 
alongside the deposition, which is avoided at Cu electrodes because of the underpotential 
deposition of a Cu-Zn alloy. To circumvent this problem, suitable conditions were 
developed for deposition of a Mo|Cu|Sn|Cu|Zn stack, which had good morphology. 
  Early work using deposition at vertical electrodes in unstirred solutions gave large 30 
variations in composition over the sample area, attributed to natural convection currents 
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arising during deposition and causing uneven mass transport.  To achieve better layer 
uniformity, a rotating disc electrode system was adopted, which was capable of 
producing relatively flat films over an area of at least 16 x 16 mm.  It was shown that 
composition variations in complete precursor stacks were vastly reduced as a 
consequence. 5 
Electrodeposition efficiencies were derived on the basis of a simple two-part 
model for the deposition process.  These efficiencies were used to calculate the required 
charge flow during deposition of each layer in order to produce a stack of given 
composition and thickness.   
 10 
 
 
 
 
 15 
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Chapter 3. Conversion of precursors into compound 
semiconductors 
 
Conversion of the metallic precursors into Cu2ZnSnS4 films by thermal treatment in the 
presence of sulfur vapour takes place in several stages, which we can summarise as 5 
follows: 
(1) Alloying of the precursor – interdiffusion of the precursor layers 
(2) Incorporation of sulfur – formation of simple sulfides 
(3) Crystallisation of Cu2ZnSnS4 
As shall be seen, these three stages occur relatively quickly.  In this chapter, the formation 10 
of Cu2ZnSnS4 from the precursor will be described, and a model will be proposed that 
accounts for the observed sequence of phase formation when a rapid heating rate is 
used.  Further changes occurring in the films over longer timescales will be dealt with in 
the following chapter.   
 15 
Background 
 
3.1 Alloying of precursors 
Although thus far we have talked of the precursor as a stack of discrete metal layers, 
interdiffusion of the layers leading to alloy formation is in fact quite significant.  Alloy 20 
formation between the layers begins from the very earliest moments of electrodeposition 
(as we saw in the underpotential deposition of Zn and Sn at Cu), and continues in the 
finished precursor at room temperature, in some cases with appreciable rates. The heat 
treatment employed to introduce S into the film will accelerate this process further and 
lead to phase transitions depending on the relative stability of phases as a function of 25 
temperature.  Characterisation of the particular phases present under different 
conditions is necessary, since these phases are the chemical precursors to the sulfide 
compounds that will form later.  It is also an option to alloy the precursor deliberately by 
heat treatment in the absence of sulfur.  The advantages of this approach are (1) that a 
more homogeneous precursor with more intimate mixing of the elements would be 30 
obtained and (2) that evaporation of the more volatile elements could be reduced by the 
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formation of stable alloy phases. Evaporation is expected to be a particular problem in 
the case of Zn, which has a relatively high vapour pressure [42]. Among the possible 
disadvantages of alloying could be lateral segregation of elements into islands of stable 
phases, leading to a non-uniform composition at small length scales. Since the reaction 
pathway leading to CZTS will depend upon the metallic precursor phases, particular 5 
conditions may need to be present in order that desirable phases are formed and 
undesirable phases avoided.  Initially, the possible metallic binary phases will be 
discussed, before moving on to ternary systems. 
3.1.1 The Cu-Zn system 
Figure 3.1 shows the equilibrium phase diagram for Cu-Zn. Cu-Zn alloys – referred to as 10 
brasses – form readily due to the negative free energy of mixing of the two elements, 
leading to a number of possible phases and solid solutions with different crystal 
structures.   
 
Figure 3.1. Equilibrium phase diagram for the Cu-Zn system [43] 15 
 
Room temperature alloying of Cu and Zn 
One study of particular relevance here is that by Bae [44], where the intermixing of Cu 
and Zn during electrodeposition of Zn upon an electrodeposited Cu substrate was 
investigated.  The formation of a Cu-Zn alloy phase was observed (although the particular 20 
phase was not identified).  The diffusion coefficient (at room temperature) of Zn atoms in 
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the Cu bulk was calculated from voltammetric measurements based on the stripped 
charge at a potential corresponding to the Cu-Zn alloy, and was given as 4.4x10−19 m2s-1. 
This is very high when compared to bulk diffusivities (for example 4.2x10-28 m2s-1 for Zn in 
Cu [45]), and this was attributed to a high density of lattice vacancies present in the 
electrodeposited Cu substrate and to the facile transport of Zn atoms along grain 5 
boundaries at room temperature. This highlights the special case of electrodeposited thin 
films, which are grown under non-equilibrium conditions from the point of view of the 
bulk phase diagram and can have quite different properties. In several examples of room 
temperature Cu-Zn alloy electrodeposition, phases from the entire spread of the phase 
diagram are seen, including β-CuZn, γ-Cu5Zn8 and ε-CuZn5 [46-48].   10 
Alloying of Cu and Zn at elevated temperatures 
As can be seen in the phase diagram, the abovementioned phases have more or less 
vertical regions of stability up to temperatures far above those relevant in this study. 
Therefore any phase transitions observed as a function of temperature will only arise 
from continued interdiffusion modifying the composition of the alloy until an equilibrium 15 
stage is reached.  In a sample with a 2:1 Cu-Zn ratio, the α-phase is expected once the 
reaction is over. 
3.1.2 Alloying of Cu and Sn 
The Cu-Sn system also yields a large number of stable phases (bronzes), as seen in Figure 
3.2. 20 
 
Figure 3.2. Equilibrium phase diagram for the Cu-Sn system [49]. 
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Room temperature alloying of Cu and Sn 
According to Tu, Cu and Sn react at room temperature to form the hexagonal η-Cu6Sn5 
phase [50].  Rutherford backscattering spectrometry (RBS) was used to observe the 
process, and it was shown that within 34 days at room temperature, a 200nm layer of Sn 5 
on a thicker Cu substrate had been entirely consumed by the growth of Cu6Sn5.  Stresses 
appear in the Sn layer during formation of Cu6Sn5 as a result of its higher density, leading 
to lattice parameters slightly different from a bulk sample of tetragonal Sn.  Cu is the 
dominant diffusing species, and in fact the rate of Cu diffusion in Sn is particularly fast. 
The diffusion of Cu into a Sn matrix has a rather low activation energy, leading to diffusion 10 
coefficients of around 2.0x10-11 m2s-1 at room temperature, vastly higher than that for the 
reverse case:  1.3x10-27 m2s-1 was measured for Sn diffusion into a Cu matrix [45].  In 
general, as mentioned above, transport in thin films is also enhanced due to a great 
number of grain boundaries [51].  In electrodeposited Cu-Sn alloys, the Cu6Sn5 phase is 
usually seen, alongside elemental β-Sn (tetragonal) and Cu (hexagonal) [52]. 15 
Alloying of Cu and Sn at elevated temperatures 
At higher temperatures (above 100°C), the orthorhombic ε-Cu3Sn phase forms from the 
reaction between Cu6Sn5 and Cu.  When a Cu-Sn bilayer identical to the one described 
above was heated at 200°C for 10 minutes, complete conversion to Cu3Sn was seen by 
XRD and RBS [50]. If excess Cu is not present, Cu6Sn5 can form Cu3Sn with the formation 20 
of elemental Sn as a by-product. This reaction appears to occur only at higher 
temperatures, in the region of 450°C [53]. According to the phase diagram, it should 
occur at 400°C. 
3.1.3 Alloying of Sn and Zn 
 As can be seen from the equilibrium phase diagram, Figure 3.3, Sn and Zn have very 25 
limited mutual solubility, less than 0.5wt% [41]. There is no experimental evidence for any 
stable solid phases [54]. Alloys of Sn and Zn comprise a eutectic mixture (85.1 at% Sn) as 
opposed to a solid solution, and thus the only phases observed with XRD are β-Sn and 
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hexagonal Zn.  Zn atoms can, however, diffuse through a Sn matrix with low activation 
energy, around 50 kJmol-1 compared to 189 kJmol-1 for Zn diffusion through Cu [45]. 
 
Figure 3.3. Equilibrium phase diagram for the Sn-Zn system [54]. 
An example of the indifference of these two elements is seen in the cyclic voltammetry of 5 
a mixed Sn-Zn electrolyte, which presents a simple superposition of the voltammograms 
for the individual elements, showing that there is no favourable interaction between 
them [41].  Co-electrodeposited Sn-Zn films show the expected eutectic structure, and 
their diffractograms present only peaks for the separate elements [55]. 
3.1.4 The Cu-Sn-Zn ternary system 10 
There is limited information about the ternary Cu-Sn-Zn phase diagram at compositions 
relevant to this study (2:1:1 Cu:Sn:Zn), however it is apparent that at temperatures up to 
250°C there are no ternary phases [45, 56].  At higher temperatures, the proportion of 
liquid phases increases rapidly. Chou et al found that for a composition of 24.0% Sn, 
25.0% Zn with Cu, the only solid phase at 250°C was β’-CuZn and the remainder was a 15 
liquid [56]. Taking this composition as a point of reference, if the Zn content was reduced 
slightly, the γ-Cu5Zn8 phase formed alongside a liquid phase. When the Zn content was 
increased, Cu3Sn and Cu6Sn5 phases also appeared.  In general, due to the exceptional 
diffusivity of Cu through Sn, and to the high reactivity of Zn, Cu-Zn phases are formed in 
preference to Cu-Sn phases in the Cu-Zn-Sn system [56].  While bearing in mind that the 20 
study in reference [56] was performed using near-equilibrium conditions – which is not 
the case in this investigation – it should be noted that there was always a liquid phase 
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present if the Cu content was greater than 25%.  A CZTS precursor will have around 50% 
of Cu, so a liquid phase can potentially form; this has implications for the reaction 
processes leading to the sulfide material. 
In the limited CZTS literature, little attention is given to precursor characterisation.  
The closest examples available are several reports of co-electrodeposited Cu-Zn-Sn 5 
precursors. Araki et al found diffraction peaks attributable to CuZn and Cu5Zn8 alongside 
Cu and Sn in their Cu-poor, Zn-rich samples [57], in agreement with the above discussion. 
In the work of Schurr et al, the phases observed after deposition included Cu3Sn and CuZn 
when Cu was present in excess, and also Cu6Sn5 and Sn for Cu-poor samples [17].   This is 
in contradiction to Araki et al; however, in general, the particular alloys formed by 10 
electrodeposition may be non-equilibrium phases, and will also depend upon the 
conditions of the electrodeposition, which were quite different in the two cases just 
mentioned.   
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3.2 Incorporation of sulfur: the Cu-Zn-Sn-S system 
3.2.1 The representation of sample compositions 
The representation of composition in a quaternary system can be rather complex. Since 
each element can in principle be varied independently of the others, we have to be very 
careful when using terms such as ‘Cu-poor’, ‘Zn-rich’ etc, which are commonly employed 5 
to describe CZTS films. These terms are intelligible when only one component varies, but 
when two or more components deviate from stoichiometry, the terminology can be 
misleading. The problem is simplified if we assume that the S-content of the film is not an 
independent variable. Since S is introduced by reaction with the precursor, the amount 
that is incorporated depends on the amount of the metal elements and their valency: 10 
Cu(I), Sn(IV) and Zn(II). This simplifies the quaternary system to a ternary one.  In the CZTS 
literature, the ratios of atomic percentages Cu/(Zn+Sn) and Zn/Sn are often used to 
represent the composition of the metallic elements in the material.  Both ratios are equal 
to one when the material is stoichiometric.  However, these ratios are not independent, 
and therefore do not clearly show the deviations from stoichiometry in a particular case.  15 
A ternary phase diagram is the most useful way to summarise compositions in the Cu-Zn-
Sn system.    An example of a ternary phase diagram is shown in Figure 3.4.   
 
Figure 3.4. Ternary composition diagram showing the position of stoichiometric CZTS. 
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The three sides of the plot each show the atomic percentage of one of the three metal 
elements. At any point in the diagram, the three values read off the axes will sum to 
unity. The scales used on this plot encompass the entire range of compositions presented 
in this report, and for ease of reference will be kept constant in all further figures. A point 
corresponding to the stoichiometric composition of CZTS is shown. 5 
3.2.2 Phases in the Cu2S-ZnS-SnS2 pseudo-ternary system  
A comprehensive analysis of the Cu2S-ZnS-SnS2 pseudo-ternary system was carried out by 
Olekseyuk et al [58], who presented a phase diagram for the system at 400°C.  Their 
phase diagram was adapted for use in this work, and is shown in Figure 3.5.  Cu2ZnSnS4 as 
a single phase is present only within a rather narrow range of compositions, which is 10 
indicated with an asterisk at the centre of the plot.  In all other regions of the phase 
diagram there are up to two additional secondary phases present, always alongside CZTS.  
 
Figure 3.5. Ternary phase diagram adapted from reference [58], showing the expected secondary phases 
at 400°C.  15 
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There are five two-phase fields, in which one secondary phase will be observed in 
addition to CZTS. In between these are five three-phase fields, where the secondary 
phase from both of the bordering regions will be formed alongside CZTS.  Other phases 
not in this diagram but seen during the formation of CZTS in other reports include Cu4SnS6 
and SnS2 [17].  Aside from the small region of single-phase material, we can usefully 5 
define six regions, shown in Figure 3.6, as “Cu-poor”, “Cu-rich”, “Sn-poor” etc.  These are 
the labels which will be applied to compositions in this report, and by this definition they 
tell us which secondary phases should be expected to form at that composition.  The “Zn-
poor” region encompasses several related secondary phases (Cu-Sn-S), see Table 3.I. 
 10 
Figure 3.6. Ternary phase diagram defining the compositional labels used throughout this text. 
 Composition description Expected secondary phases 
 “Cu-poor” Cu2ZnSn3S8 + ZnS  
 “Sn-rich” Cu2ZnSn3S8 
 “Zn-poor” Cu-Sn-S + Cu2ZnSn3S8 / Cu2S 
 “Cu-rich” Cu2S 
 “Sn-poor” Cu2S, ZnS 
 “Zn-rich” ZnS 
Table 3.I. Definition of composition descriptions used in this report, in terms of the expected secondary 
phases. 
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A note on the new quaternary phase Cu2ZnSn3S8 
The second quaternary phase Cu2ZnSn3S8 was first reported by Olekseyuk et al in their 
study of the Cu2S-ZnS-SnS2 phase diagram, forming from the reaction of SnS2 with CZTS 
below 700°C [58].  It was reported to crystallize in a tetragonal structure, with very similar 
lattice parameters to CZTS.  Although no further literature on this phase could be found, 5 
there are abundant e uivalents, collectively known as ‘thiospinels’. Cu2FeSn3S8, 
Cu2NiSn3S8, Cu2CoSn3S8, Cu2CdSn3S8 and Cu2MnSn3S8 are all known, so an equivalent in 
the Cu-Zn-Sn-S system is not unexpected. These structures are rather interesting, being 
characterised by the presence of a large number of empty lattice sites (the relevance of 
this will become clearer in Chapter 5) [59].  This has led to them being investigated for 10 
use in Li batteries [60].  Cu2ZnSn3S8 should form in Cu-poor or Sn-rich samples. 
 
Given the detailed study made of the Cu2S-ZnS-SnS2 pseudo-ternary system by Olekseyuk 
et al in 2004 [58], it is perhaps rather surprising that the equilibrium phase diagram 
presented therein – and reproduced above – has barely been cited in the CZTS thin-film 15 
literature since that time.  Where CZTS film preparation was the objective, we could only 
find two reports that cite the article (one by the present author): [23, 38].  The argument 
that the equilibrium phase diagram is inapplicable under the conditions of thin-film 
formation is hardly watertight, because sulfurisation times of many hours’ duration are 
routinely used in the fabrication of CZTS films (see section 4.1.1), allowing a reasonable 20 
time for the equilibrium phases to emerge.  The phase diagram has been cited on a 
further two occasions where formation processes of CZTS films were being investigated 
[61, 62].  The Cu-Sn-S phases observed matched those expected from the phase diagram. 
Considering the narrow range of compositions for which CZTS is the sole phase, coupled 
with the extremely large variation in compositions presented in the CZTS literature, it is 25 
even more important to refer to the phase diagram because secondary phases will have a 
strong influence on the morphology and optical properties of the films.  In this 
investigation, the phase diagram will be referred to wherever possible, and it will be seen 
that it provides useful insights on several occasions.  
One reason that the presence of secondary phases has perhaps not been given due 30 
attention is the difficulty in detecting them, as will now be discussed. 
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3.3 Distinguishing phases in the Cu-Zn-Sn-S system 
 
Two techniques will be used in this investigation to examine the crystal structures of the 5 
phases present in thin film samples: X-ray diffraction and Raman spectroscopy. 
3.3.1 X-ray diffraction 
X-ray diffraction is a commonly used technique for structural characterisation of 
polycrystalline thin films.  An ideally monochromatic X-ray beam, wavelength λ, is 
directed at the sample, which is positioned at a defined plane. The X-ray source orbits 10 
around the sample, impinging at an angle θ, and constructive interference between X-
rays reflected from lattice planes in the sample gives a high intensity reflection when the 
Bragg condition,          , is satisfied, where d is the spacing of the lattice planes 
and n is an integer. Reflection intensity is displayed as a function of the angle between 
the source and the detector, equal to 2θ.  For a sample that has randomly oriented grains, 15 
the pattern of reflections and their intensity depends only on the symmetry of the crystal 
structure and its unit cell parameters.  In practice, the crystallites in a thin film are often 
oriented non-randomly, so the intensity pattern can change.   
X-ray diffraction can usually assign a phase with confidence, unless there happen 
to be several coexisting phases with similar symmetry and lattice parameters. 20 
Unfortunately, in the case of CZTS, there are several secondary phases that fulfil both of 
these conditions.  In addition, due to the small volume of material, the diffraction 
intensity from thin films is usually low, and the non-random orientation makes 
assignment based on peak height difficult.   It has been pointed out on several occasions 
that if CZTS is present alongside ZnS and/or Cu2SnS3, that X-ray diffraction would be 25 
unable to distinguish the phases [18]. A list of the secondary phases in the phase diagram 
for the Cu-Zn-Sn-S system is shown in Table 3.II, along with their lattice parameters and 
crystal structures. 
 
 Phase Structure Lattice constants [Å] Source Occurrence in CZTS thin-
film literature 
 Cu2ZnSnS4 Tetragonal a = 5.43, c – 10.85 [63] - 
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 Cu2S Tetragonal a = 3.996, c = 11.287 [64] e.g. [18, 65-67] 
 ZnS Cubic a = 5.409  [68] [17] 
 Cu4SnS4 Orthorhombic a = 13.7, b = 7.75, c = 6.454 [69] [61] 
 Cu2SnS3 Tetragonal a = 5.413, c = 10.824 [70] [17, 18] 
 Cu2ZnSn3S8 Tetragonal a = 5.435, c = 10.825 [58] none 
Table 3.II. Secondary phases present in the Cu2S-ZnS-SnS2 pseudo-ternary system at 400°C. 
 
Table 3.III shows a complete list of the X-ray diffraction standards used in this work. 
 Phase Reference 
 Cu2ZnSnS4 [63] 
 Cu2SnS3 [71] 
 Cu4SnS4 [69] 
 Cu4SnS6 [72] 
 CuS [73] 
 Cu1.8S [74] 
 Cu2S [64] 
 SnS2 [75] 
 SnS [75] 
 ZnS [68] 
 Cu [76] 
 Sn [77] 
 Zn [78] 
 Cu6Sn5 [79] 
 Cu5Sn4 [80] 
 Cu3Sn [81] 
 Cu5Zn8 [82] 
 Cu0.8Zn0.2 [83] 
 Cu0.75Zn0.25 [84] 
Table 3.III. A list of XRD standards used in this work 
 5 
3.3.2 Raman Spectroscopy 
An alternative means to distinguish CZTS from some of the possible secondary phases, 
Raman spectroscopy measures the spectrum of wavelength shifts of an initially 
monochromatic light beam, usually a laser, after it is scattered from a sample. Interaction 
of the laser light with phonon modes in the sample causes the photon energy to increase 10 
or decrease.   Characteristic Raman shifts for CZTS were provided by Altosaar et al for 
single-crystal CZTS powder synthesised from a KI melt and annealed at 1000 K [85]. The 
same shifts were seen in the case of thin films of CZTS [67, 86]. The Raman shifts for some 
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Cu-Sn-S phases have also been measured [87]. The reported values for several phases are 
shown in Table 3.IV.  
Phase Raman shifts (in order of decreasing intensity) [cm
-1] Source 
Cu2ZnSnS4 338, 287, 352, 351, 368 [85] 
Cu2SnS3 (tetragonal, < 400°C) 336, 351 [87] 
Cu2SnS3 (cubic, > 400°C) 303, 355 [87] 
Cu2-xS 476 [86] 
ZnS 348 [86] 
Table 3.IV. Raman shifts for some phases in the Cu-Zn-Sn-S system. 
According to these shifts, therefore, it is in principle possible to distinguish CZTS from ZnS 
if the resolution of the experiment is within a few cm-1.  The phase Cu2SnS3 has two 5 
forms, the higher temperature cubic form being clearly distinguishable, but the lower 
temperature tetragonal form lying rather close to the CZTS peaks; however, CZTS has one 
unique peak at 287 cm-1, meaning that it is possible to use Raman spectroscopy to prove 
the presence of CZTS, even if the concurrent presence of Cu2SnS3 and ZnS cannot be 
definitively ruled out. 10 
3.3.3 Other methods of distinguishing phases 
Given the difficulty in distinguishing certain phases, or the low resolution or intensity of 
the techniques used, especially for small amounts of secondary phases, additional 
information must be obtained.  Compositional (EDS) mapping in the electron microscope 
was used in some cases to help identify certain phases that were clearly different from 15 
the bulk based on differences in morphology.  In other cases, the use of KCN etching, 
which selectively removes Cu-S phases, could help to assign these phases based on pre- 
and post-etching morphology. 
The possible effects of the various secondary phases on the opto-electronic 
properties of CZTS films will be covered in Chapter 5. 20 
 
3.4 Crystal structures of Cu2ZnSnS4 
3.4.1 Kesterite and stannite 
Crystallographically speaking, CZTS is derived from the chalcopyrite structure of CuInS2 by 
replacement of In atoms with Sn and Zn atoms.  Based on symmetry arguments, this 25 
operation produces two principal structures of lower symmetry, known as the stannite-
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type (space group I4 2m) and kesterite-type (space group I4 ) structures [88].  The two 
structures are similar, consisting of a cubic close-packed lattice of S anions, with half of 
the tetrahedral interstices occupied by cations.  Sn atoms occupy the same fixed positions 
in both structures, and it is the differing arrangement of Cu and Zn atoms that 
distinguishes the two cases [89].  In its natural state, CZTS is found to crystallise with the 5 
kesterite structure [90].  In agreement with this observation, calculations have shown 
that the kesterite structure has a lower energy than the stannite structure for CZTS, 
however, the difference is small: values of 3.4, 3 and 1.3 meV per atom have been 
reported [91-93].  
It is not known how to deliberately fabricate CZTS with the non-equilibrium 10 
stannite structure, so there is as yet no experimental evidence for a solid solution 
between the two structures. However, we can look to the case of CZTS (kesterite) and the 
mineral stannite, Cu2FeSnS4. Cu2FeSnS4 at equilibrium crystallises in the stannite 
structure, and so the solid solution Cu2FexZn1-xSnS4 exhibits a transition between the two 
structures. The mechanism, determined by neutron scattering, is a three-stage process of 15 
cation rearrangement. It had previously been proposed, and was definitively shown by 
the neutron scattering experiments, that there exists a partially disordered form of 
kesterite wherein the Cu and Zn atoms can be randomly arranged on their shared lattice 
plane [89]. The lattice sites in the Cu/Zn planes have an equal probability of being 
occupied by Cu or Zn, which means that the partially disordered kesterite structure has 20 
the same space group as the stannite structure, I4 2m [91]. Therefore there is no 
crystallographic reason why a solid solution should not form. A view of the kesterite, 
partially disordered kesterite and stannite structures along the [100] direction is 
illustrated in Figure 3.7.    
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Figure 3.7. Crystal structures of (a) kesterite, indicating planes of Cu-Zn disorder and (b) partially-
disordered kesterite and (c) stannite. Note the Cu/Zn ordering in the three structures. 
Based on the fact that Cu2FeSnS4 and Cu2ZnSnS4 can form a solid solution, and the 
fact that in CZTS the kesterite structure is only slightly lower in energy than the stannite 5 
structure, we can reasonably expect, under non-equilibrium conditions, that the stannite 
structure for Cu2ZnSnS4 could form a solid solution with the kesterite structure with the 
same composition.  The stannite form would be metastable, and given the required 
thermal energy for atomic rearrangement and sufficient time, a pure kesterite phase 
should be seen.   10 
The structural similarity of kesterite and stannite and the existence of disorder in 
the kesterite means that they are very difficult to distinguish experimentally [94, 95].  
Neutron scattering has been used to distinguish the two structures for Cu2ZnSnS4 and 
Cu2ZnFeS4 [89], but with the more commonly employed X-ray diffraction technique, as 
used in this investigation, the intensity and resolution are insufficient to tell the structures 15 
apart, especially for thin, polycrystalline films.  Therefore we need to define some terms 
used herein. ‘Kesterite’ and ‘stannite’ will only be used when referring directly to the 
structural type.  ‘CZTS’ will be used when referring to the phase observed in the X-ray 
diffraction spectra, which could be accounted for by either structural type or a mixture of 
the two. 20 
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3.5 Formation reactions of Cu2ZnSnS4 
Hergert and Hock used a crystallographic model to predict two parallel pathways for CZTS 
formation from binary sulfides [96]. The first pathway is a direct reaction of the three 
phases, and the second goes via the intermediate Cu2SnS3 phase. The given reactions are 
repeated below: 5 
CuS/Cu2S + ZnS + SnS/SnS2  Cu2ZnSnS4     
CuS/Cu2S + SnS/SnS2  Cu2SnS3      
Cu2SnS3 + ZnS  Cu2ZnSnS4.       
 
Once the binary sulfides have formed, crystallisation of the CZTS phase appears to be 10 
rapid. On the basis of in situ X-ray diffraction experiments as a function of temperature, 
Weber et al calculated a second order rate constant of between 2x10-9 and 3x10-10 cm2s-1 
for an assumed diffusion-limited process of CZTS formation from stacked binary sulfides 
(CuS, ZnS, and SnS). They concluded that, at 500°C, the formation of CZTS should be 
complete within 10-70 seconds [18].  15 
Schurr et al conducted in situ X-ray diffraction experiments on co-electrodeposited 
Cu-Zn-Sn films during the sulfurisation process [17]. Their work is the closest equivalent to 
that undertaken here.  They prepared precursors with a composition Cu/(Zn+Sn) = 0.9-
0.96 and Zn/Sn = 1.1. The precursors were coated with a layer of sulfur by evaporation, 
and heated at a rate of 0.8°Cs-1 to around 630°C, and diffractograms in the range 2θ = 0 - 20 
45° were recorded continuously during this heating stage and for a further 300s 
thereafter.  The precursor was observed to contain Cu6Sn5, CuZn and Cu3Sn as mentioned 
previously.  The following sequence of reactions was then observed: 
 
Cu6Sn5 + S  SnS2 + Cu2-xS + Cu3Sn  (170 – 300°C)   25 
Cu2S + SnS2  Cu4SnS6   (up to 570°C)   
2CuZn + 3S  Cu2-xS + ZnS   (510°C)   R3.6 
R3.5 
R3.4 
R3.3 
R3.2 
R3.1 
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Cu4SnS6  2Cu2-xS + SnS2(melt)  (570°C)   
Cu2-xS + SnS2(melt)  Cu2SnS3  (> 570°C)   
Cu2SnS3 + ZnS  Cu2ZnSnS4   (575°C)   
  
At the end of the heating period, the material was still multi-phase: Cu2ZnSnS4 + Cu2SnS3 + 5 
ZnS. 
Araki et al produced stacked electrodeposited precursors and sulfurised them for 2 
hours under flowing nitrogen with elemental S [28].  They showed some diffractograms of 
samples sulfurised at different temperatures.  At 300°C, elemental Sn and a Cu-containing 
phase (not assigned but matches spectra for e.g. Cu6Sn5, Cu5Zn8) were still present after 10 
the sulfurisation. The emergence of sulfide phases appeared to begin between 300 and 
400°C. The CZTS phase was assigned above 400°C, and only peaks assignable to 
CZTS/CTS/ZnS remained after 2h of sulfurisation at 600°C.   
 
  15 
R3.9 
R3.8 
R3.7 
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3.6 Rapid thermal processing 
 
In this investigation, a rapid thermal processing system was used to sulfurise the 
precursors. Such a system allows very fast heating and cooling, and very short annealing 
times are possible.  This allows us to investigate the relatively fast formation processes of 5 
the films by quenching (quickly cooling) the sample at any given point in the reaction.  It is 
assumed that the phases present after rapid cooling are representative of the phases that 
were present at the time of the quench.  
3.6.1 Description of the RTP system 
An RTP has three key features: 1) a very low thermal mass, 2) high-power infra-red lamps 10 
which can deliver the required energy density and 3) an active cooling system.   
Traditional tube furnaces have a high thermal mass to conserve heat and reduce 
temperature fluctuations. A side-effect of this is that they are slower to heat and cool.  
The low thermal mass of the RTP system means that it can be heated and cooled very 
rapidly (+/- 20°Cs-1 or faster). A feedback loop with very short interval times is required to 15 
balance the heat transfer to/from the process zone in order to achieve the required 
temperature.  To achieve the desired uniformity of the thermal profile within the process 
zone, a ‘susceptor’, a covered plate of a material (usually graphite) with high thermal 
conductivity and good chemical resistance is used to contain the samples.  The samples 
are placed within this container, which is assumed to have an even temperature at all 20 
points. Thermocouples contacting the susceptor allow measurement of the sample 
temperature. 
The maximum heating rate used was 10°Cs-1, to avoid cracking the glass 
substrates. The substrates also limit the maximum temperature to about 580°C.  The 
maximum cooling rate was around 10°Cs-1 for the first 200°C of temperature drop. 25 
The RTP system used here (AS-micro, Annealsys) had a rotary pump to allow a 
vacuum of around 10-2 mbar and a N2 purge line to flush the system and a provide a 
background pressure of inert gas during sulfurisation up to a maximum of 1 atm.  The 
temperature was controlled via up to two thermocouples in contact with the graphite 
susceptor. 30 
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3.6.2 Sulfur sources in the two-stage process 
In the two-stage process, the sulfur source can be either elemental S (added to the 
furnace as a solid) or H2S gas.  There are many examples of both in the CZTS and CIS 
literature.  The use of H2S has the advantages that one need not worry about evaporation 
and condensation processes, and that it is easy to introduce the gas to the reaction 5 
chamber and to control its quantity compared with the same operations for a solid 
material.  The disadvantage of using H2S is that specialist equipment is required to handle 
its corrosivity and toxicity.  Using elemental S is comparatively safe, although it is still 
rather corrosive to sensitive components such as thermocouples.  Elemental S can be 
introduced in several ways: 10 
(1) Loading solid sulfur into the reaction chamber with the precursors (sealed 
chamber): e.g. [28]. 
(2) Evaporation of S onto samples after precursor deposition: e.g.[17]. 
(3) Use of a separately heated effusion source in the reaction chamber: e.g. [61]. 
In each case, S vapour will be transported from the source down temperature gradients 15 
to the cooler regions of the system, where it will condense.  In cases 1 and 2, the lost S 
cannot then be replenished, so its partial pressure will drop and the useful ‘residence 
time’ of S vapour near the samples will be inherently limited.  Only method 3 allows the 
partial pressure of S to remain constant throughout heat treatment, but requires 
specialist equipment.  In this investigation, method 1 was used, and a graphite susceptor 20 
with a lid was employed to confine the vapour around the samples for as long as possible.   
The vapour pressure of S at 550°C (a typical conversion temperature) is about 3800 mbar 
[97], well in excess of the background pressure in the reaction chamber, so evaporation 
will be rapid and complete.  
 25 
Figure 3.8. Cross section of the graphite susceptor (sample container) used in the RTP system. 
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Experimental 
3.7 Precursor preparation 
The substrates were standard soda-lime glass (SLG) slides, 75 x 25 mm, coated with an 
approx. 1 μm thick layer of o produced by RF sputtering.  The substrates were cut into 
quarters of approx. 19 x 25 mm. They were then cleaned ultrasonically in, sequentially, 5 
detergent, ethanol and propan-2-ol before being dried under flowing nitrogen. 
Electrodeposition was carried out at the rotating disc electrode. Sample mounting and 
masking was described in Section 2.4.6. After masking, the exposed sample area was 
approx. 17 x 21 mm. Precursor preparation consisted of up to four sequential 
electrodeposition steps to produce binary Cu|Zn or Cu|Sn, or ternary Cu|Sn|Cu|Zn stacks 10 
(where the right-most element is at the surface).  The electrodeposition solutions and 
conditions are described in Table 3.V.  Depositions were made in potentiostatic mode 
with an Autolab 20 potentiostat, using a Pt counter electrode and either a Ag|AgCl or 
Hg|HgO reference electrode, depending on the electrolyte (see Table 3.V). In between 
deposition of each layer, the mask was removed and the films were thoroughly washed in 15 
deionised water.  The compositions of the precursors in this chapter were intended to be 
2:1:1 Cu:Sn:Zn, and the amount of charge to deposit was calculated on the basis of a 1 μm 
thick CZTS film after sulfurisation, according to the method in Section 2.11.2. 
 Layer Electrolyte composition Deposition 
potential 
Rotation rate 
[rpm] 
 Cu(1) 3 M NaOH (Reagent grade, Aldrich), 0.2 M Sorbitol 
(≥99.5% (HPLC), Sigma), 0.1  CuSO4·5H2O (≥98%, 
Sigma), 0.025 vol% Empigen BB (N,N-Dimethyl-N-
dodecylglycine betaine, Sigma). 
-1.08 V vs. Hg|HgO 300 
     
 Sn 1  ethanesulfonic acid (≥99.5%, Sigma-
Aldrich), 50 mM Sn(II) methanesulfonate (50wt% 
in H2O, Aldrich), 0.1 vol% Empigen BB (see above). 
-0.55 V vs. Ag|AgCl 300 
     
 Cu(2) See above. -1.45 V, 2s, then -
1.10 V vs. Hg|HgO 
300 
     
 Zn 2  KCl (≥99.0%, Sigma), 1wt% pH 3 Hydrion 
buffer (Sigma), 50 mM ZnCl2 (98%, Aldrich), 0.2 
wt% Poly[bis(2-chloroethyl) ether-alt-1,3-bis[3-
(dimethylamino)propyl]-urea], quaternized, 62 
wt% in H2O, Sigma). 
-1.22 V vs. Ag|AgCl 100 
Table 3.V. Electrodeposition solutions and conditions used for precursor preparation. 
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3.8 Description of annealing/sulfurisation procedures 
Precursors prepared using the RDE system had external dimensions of approx. 19 x 25 
mm, while the area of the electrodeposited film was approx. 17 x 21 mm. In a typical 
experiment, these samples were cut into quarters to yield four nominally identical 
samples.  These samples were placed inside the susceptor along with solid S, if required, 5 
and covered with the susceptor lid. After the samples had been loaded, annealing or 
sulfurisation (annealing with S) proceeded in three stages. In the first stage, pumping and 
purging cycles were used to remove any oxygen from the system. The purging gas used 
was N2. After three cycles of purging, the furnace was filled to the desired pressure with 
N2.  The next stage was the heating programme. In most instances this consisted of a fast 10 
ramp to a set temperature followed by a fixed dwell period.  The pressure was monitored 
using a Pirani gauge and the temperature by a thermocouple in contact with the 
susceptor. The temperature variation during the dwell period was better than ±4°C. In the 
final stage, the chamber was cooled at the maximum rate to 200°C, and the system was 
then pumped down and purged. The samples were removed once the temperature was 15 
below 50°C. 
It was observed that the S-containing atmosphere was corrosive to the inconel-
coated thermocouples, especially at higher temperatures.  To avoid destruction of the 
thermocouples, the temperature was controlled by calibrating the power input to the 
system so that thermal programmes could be run without the thermocouple in place. The 20 
accuracy of the temperatures obtained this way was periodically checked by re-installing 
the thermocouples, and was found to be satisfactory. 
The furnace was cleaned periodically by heating at 600°C for 1 hour while filled with 
an atmosphere of 10% H2-N2, and then a further 1 hour period at 600°C under vacuum. 
 25 
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3.9 Characterization of converted material 
SEM images and compositions were recorded using a JEOL6480LV microscope with EDS 
capability (Oxford Instruments). For top-down imaging, samples were earthed by 
contacting the exposed area of the Mo substrate with carbon-loaded putty.  For edge-on 
images, the samples were re-mounted and coated with gold by evaporation to enhance 5 
the resolution. For EDS measurements, an accelerating voltage of 20 kV was used.  
Spectra were recorded for 100s of live-time. The error in the EDS measurement was 
reduced as far as possible by calibrating the beam current using a Co standard between 
measurements.  For a large series of measurements repeated at the same location on a 
sample, the absolute error in the atomic percentages of Cu, Sn and Zn were about 0.6, 0.8 10 
and 0.5 % respectively.  For estimation of film thickness variations over a large area, the 
peak heights in the EDS spectra were recorded at uniformly spaced locations on the 
samples. For quantitative analysis of overall sample composition, spectra were recorded 
at a magnification of 100 times, and averaged over several locations on the sample. 
XRD spectra were recorded in Bragg-Brentano mode with a Siemens D-5000 15 
diffractometer using a CuKα radiation source (λ=1.5406Å). The peaks due to Kα2 radiation 
were removed digitally.  
Raman spectra were recorded using 532 nm excitation, with a triple-grating 
spectrometer consisting of a subtractive double stage followed by a 1 m dispersing stage 
with a 300 g/mm grating (resolution ~2 cm-1), and a liquid N2 cooled CCD.   20 
MiniSIMS depth profiles were recorded using a Millbrook Instruments bench-top 
instrument with a 6 keV Ga+ ion beam. 
3.10 Etching 
Etching of samples was carried out where stated in 5 or 10 wt% aqueous KCN solution. 
The samples were thoroughly rinsed afterwards, and the KCN residues oxidised using a 25 
sodium hypochlorite solution.  
 
 
 
 30 
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Results and discussion 
 
3.11 Annealing of metal stacks in the absence of sulfur 
3.11.1 Annealing Cu-Zn bilayers 
Figure 3.9(a) shows the XRD spectrum of an as-deposited Cu/Zn bilayer.  Aside from the 5 
substrate peaks at 36.48, 40.50, 58.65. 73.85°, the principal peaks can be assigned with 
reasonable confidence to Cu and Cu5Zn8.  The assignment is shown in Table 3.VI(a).  The 
assignment to Cu is clear because there are two matching peaks. Elemental Zn cannot be 
assigned with confidence because its three most intense reflections would overlap either 
with the Cu(111) peak or with the substrate peaks at 36.38° and 40.50°, and no peak is 10 
observed at the location of the fourth most intense reflection (70.08°).  The lack of clear 
XRD evidence for elemental Zn suggests that the electrodeposited material is disordered, 
or that alloying has actually gone to completion at room temperature, resulting in the 
disordered β’ phase predicted in the phase diagram. It should be noted that the visual 
appearance of the sample (white-grey film with specular reflectivity) had not changed, so 15 
there was at the very least a surface layer of pure Zn present. 
The presence of the Cu-rich alloy phase, Cu0.8Zn0.2 is clear, and there is a 
suggestion of the Zn-rich phase Cu5Zn8. These phases may have formed initially during the 
first stages of electrodeposition of Zn at Cu, and continued to grow at room temperature 
as discussed in section 3.1.1.   20 
Upon heating, the sample becomes a golden colour, which is clear evidence of 
advanced alloy formation.  The XRD spectrum of Figure 3.9(b) shows that the peaks for 
elemental Cu have disappeared, and the spectrum is now entirely described by a mixture 
of Cu0.8Zn0.2 and Cu0.75Zn0.25, and it is possible (and in fact required by the composition of 
the sample) that the disordered β’ phase is also present.    25 
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Figure 3.9. XRD spectra of (a) As-deposited Cu|Zn bilayer and (b) Cu|Zn bilayer annealed at 400°C for 2 
minutes. The composition of the bilayer was approx. 2:1 Cu:Zn. 
 
  
(a) 
    
(b) 
 
  
Cu Cu0.8Zn0.2 Cu5Zn8 
  
Cu0.8Zn0.2 Cu0.75Zn0.25 
2θ *°+ dobs [Å] d(hkl) [Å] d(hkl) [Å] d(hkl) [Å] 2θ 
[°] 
dobs [Å] d (hkl) [Å] d (hkl) [Å] 
29.25 3.05 
   
42.4
6 
2.13 
 
2.12 (111) 
42.16 2.14 
 
2.15 (002) 
 
43.6
1 
2.07 2.08 (101) 
 43.32 2.09 2.09 (111) 2.08 (101) 2.09 (330) 49.7
9 
1.83 
 
1.83 (200) 
44.08 2.05 
   
63.9
9 
1.45 
  50.46 1.81 1.81 (200) 
  
72.5
2 
1.30 
 
1.30 (220) 
57.79 1.59 
 
1.59 (102) 
     62.80 1.48 
  
1.48 (600) 
    77.90 1.23 
 
1.23 (103) 
     79.10 1.21     1.21 (633)         
Table 3.VI. Peak assignment for (a) as deposited Cu/Zn bilayer and (b) Cu|Zn bilayer annealed at 400°C for 5 
2 minutes. Refers to Figure 3.9. 
SEM images of the Cu/Zn film before and after the heat treatment are shown in Figure 
3.10 (a) and (b). It can be seen that there are no significant changes to the microstructure, 
which follows since the heat treatment was performed well below the liquidus 
temperature. 10 
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Figure 3.10. SEM images of Cu/Zn bilayer (a) before and (b) after heat treatment at 400°C for 2 minutes. 
The composition of the bilayer was approx. 2:1 Cu:Zn. 
 
3.11.2 Annealing Cu-Sn bilayers 5 
The XRD spectrum of an as-deposited Cu/Sn bilayer is shown in Figure 3.11(a). In this 
sample, elemental Cu is not seen, although the main peak for Cu does coincide with the 
intense reflections for Cu6Sn5 at around 43°, so a small amount could be present. There 
are several weak reflections corresponding to elemental Sn. The alloy phases Cu6Sn5 and 
Cu5Sn4 explain the rest of the spectrum, showing that in the case of this sample, room 10 
temperature alloying has advanced considerably in the period between sample 
preparation and the diffraction experiment (approx. 8 days). Upon heating, Figure 
3.11(b), the Sn phase disappears completely and the higher-temperature alloy phase 
Cu3Sn can be seen. The other peaks then match most closely to Cu6Sn5. 
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Figure 3.11. XRD spectra of Cu/Sn bilayers (a) before and (b) after heat treatment at 400°C for 5 minutes.  
Sample composition was approx. 2:1 Cu:Sn. 
  
(a) 
    
(b) 
 
  
Cu6Sn5 Cu5Sn4 Sn 
  
Cu5Sn4 Cu3Sn 
2θ *°+ dobs [Å] d (hkl) [Å] d (hkl) [Å] d (hkl) [Å] 2θ *°+ dobs [Å] d (hkl) [Å] d (hkl) [Å] 
30.28 2.95 2.95 (100) 
  
29.44 3.03 3.03 (21-1) 
 30.81 2.90 
  
2.92 (200) 30.31 2.95 2.96 (311) 
 32.11 2.79 
  
2.79 (101) 33.52 2.67 
  35.35 2.54 
 
2.55(20-2) 
 
37.92 2.37 
 
2.37 (002) 
43.16 2.09 2.10 (110) 
  
43.08 2.10 2.10 (232) 
 43.49 2.08 2.07 (102) 
  
43.48 2.08 
 
2.08 (211) 
44.03 2.05 
  
2.06 (220) 44.17 2.05 
  45.03 2.01 
  
2.02 (121) 48.37 1.88 1.89 (215) 
 53.60 1.71 1.71 (201) 
  
50.91 1.79 
  56.93 1.62 
 
1.62 (430) 
 
53.53 1.71 1.71 (523) 
 60.28 1.53 
 
1.54 (51-1) 
 
56.89 1.62 1.62 (430) 
 62.89 1.48 1.47 (202) 
  
57.60 1.60 
 
1.60 (221) 
71.12 1.32 1.32 (211) 
  
62.82 1.48 1.48 (622) 
 79.21 1.21 1.21 (300) 
  
70.96 1.33 1.33 (543) 
 
     
77.00 1.24 1.24 (34-3) 
           78.95 1.21 1.21 (060)   
 
Table 3.VII. Peak assignment for (a) as deposited Cu/Sn bilayer and (b) Cu|Sn bilayer annealed at 400°C 5 
for 5 minutes. Refers to Figure 3.11. 
 
With reference to the Cu-Sn phase diagram (Figure 3.2), it can be seen that the melting 
point of pure Sn is around 230°C. The liquidus temperature starts to rise rapidly as Cu 
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becomes incorporated, which corresponds to a time axis during the alloying process.  If 
the rate of increase of the liquidus temperature due to in-diffusion of Cu is lower than the 
heating rate, it is possible to exceed the liquidus temperature and melt the bulk material.  
This is highly undesirable, as can be seen in Figure 3.12, as the melted material can then 
de-wet from the substrate, forming isolated regions of alloy and leaving the substrate 5 
exposed.  
 
 
Figure 3.12. SEM images of Cu|Sn bilayer (a) before and (b) after rapid heating to 400°C (heating rate 
~6°Cs-1). EDS shows that the areas between the large crystals in (b) are uncovered Mo. 10 
 
At the other extreme, slow heating or prolonged annealing can also have undesirable 
effects due to the very high diffusivity of Cu in Sn.  The transport of metal atoms in a 
direction perpendicular to the plane of the film is desirable and necessary to produce a 
film of uniform composition, but the atoms may also diffuse in the plane of the film. 15 
Given sufficient time, phase separation such as that seen in Figure 3.13 can occur, where 
the darker patches in Figure 3.13(b) have a higher Cu-content than the bulk. This sample 
was heated at 100°Cmin-1 to 180°C then at 10°Cmin-1 to 350°C where it was held for 5 
minutes.  The total time above 100°C was therefore around 18 minutes. The two phases 
shown in the XRD spectrum (Cu3Sn and Cu5Sn4) appear to become separated over this 20 
timescale, which would be a source of non-uniformity in the converted film. 
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Figure 3.13. Formation of distinct phases in an annealed Cu/Sn bilayer. (a) Secondary electron image 
showing morphology, (b) backscattered electron image showing differences in density.  (c) EDS spectrum 5 
of lighter areas, (d) EDS spectrum of darker areas. 
 
3.11.3 Annealing Cu-Sn-Zn films 
Interestingly, the ternary system Cu/Sn/Zn shows slower rates of Cu-Sn alloying than the 
binary: as shown in Figure 3.14, the as-deposited sample contains no obvious Cu-Sn 10 
phases. The as-deposited Cu/Sn bilayer (Figure 3.11(a)) showed almost complete 
transformation to alloy phases. This might be because in the Cu/Sn/Zn case, the 
additional layer of Zn limits the diffusion of vacancies from the top surface, therefore 
restricting the rate that Cu is able to diffuse towards the surface, although it cannot be 
ruled out that the samples here and in Figure 3.11(a) had different thermal histories.  The 15 
spectrum does show very strong reflections for Sn and Cu, and surprisingly also a small 
amount of the Cu0.8Zn0.2 phase, which may have arisen from poor alignment of the mask 
used for electrodepositing the three layers, although, as noted in section 3.1.3, Zn does 
(c) (d) 
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have a high diffusivity in Sn. As before, elemental Zn is not definitively assignable in these 
spectra.   
 
Figure 3.14 XRD spectra of Cu/Sn/Zn trilayer (a) as deposited and (b) after heat treatment at 400°C for 5 
minutes. Sample composition was approx. 2:1:1 Cu:Sn:Zn.   5 
  
(a) 
    
(b) 
  
  
Sn Cu0.8Zn0.2 Cu 
  
Sn Cu5Zn8 Cu6Sn5 
2θ *°+ dobs [Å] d (hkl) [Å] d (hkl) [Å] d (hkl) [Å] 2θ *°+ dobs [Å] d (hkl) [Å] d (hkl) [Å] d (hkl) [Å] 
30.74 2.91 2.92 (200) 
  
30.22 2.96 
  
2.95 (101) 
32.12 2.78 2.79 (101) 
  
30.66 2.91 2.92 (200) 
  42.14 2.14 
 
2.15 (002) 
 
31.99 2.80 2.79 (101) 
  43.31 2.09 
 
2.08 (101) 2.09 (111) 34.22 2.62 
   43.99 2.06 2.06 (220) 
  
34.98 2.56 
 
2.56 (222) 
 45.00 2.01 2.02 (121) 
  
37.90 2.37 
 
2.37 (321) 
 50.55 1.80 
  
1.81 (200) 43.16 2.09 
 
2.09 (330) 2.10 (110) 
55.43 1.66 1.66 (031) 
  
43.96 2.06 2.06 (220) 
 
2.07 (102) 
62.63 1.48 1.48 (112) 
  
44.93 2.02 2.02 (121) 
  63.87 1.46 1.46 (040) 
  
47.83 1.90 
 
1.89 (332) 
 64.68 1.44 1.44 (231) 
  
53.63 1.71 
  
1.71 (201) 
72.50 1.30 1.30 (240) 
  
55.35 1.66 1.66 (031) 
  73.25 1.29 1.29 (411) 
  
62.74 1.48 1.48 (112) 
  
     
63.86 1.46 1.46 (040) 
  
     
64.60 1.44 1.44 (231) 
  
     
71.23 1.32 
  
1.32 (211) 
          79.26 1.21   1.21 (633) 1.21 (300) 
Table 3.VIII. Peak assignment for (a) as deposited Cu/Sn/Zn trilayer and (b) Cu/Sn/Zn trilayer annealed at 
400°C for 5 minutes. Refers to the spectra in Figure 3.14. 
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The Sn peaks in this and other spectra are shifted slightly towards higher angles as 
compared to the reference, which is indicative of strain in the as-deposited film.  The 
lattice parameters for the tetragonal β-Sn were calculated using the relationship in 
Equation 3-1: 
,     5 
Equation 3-1 
where dhkl is the spacing of the atomic planes described by the Miller indices h, k and l,  
and a, b, and c are the unit cell dimensions. In the case of tetragonal symmetry, a = b ≠ c. 
The calculated values for a and c were 5.826 Å and 3.180 Å respectively, compared to the 
standard values 5.832 Å and 3.181 Å. This means that the as-deposited layer is under a 10 
compressive volume strain of -0.1%. Built-in strain is not uncommon in electrodeposited 
films, occurring for such reasons as an abundance of dislocations, a large number of grain 
boundaries or because of hydrogen incorporation within the lattice [37].  
 
Figure 3.15 Plots to determine lattice parameters for tetragonal β-Sn. Note that in the right-hand figure, 15 
there are between three and five coincident data points at each value of l2. 
 
Upon heating the Cu/Sn/Zn trilayer, the Cu phase disappears to be replaced by Cu6Sn5. 
Complete consumption of elemental Sn and the formation of Cu3Sn would have been 
expected based on previous results (e.g. Figure 3.11(b)), but Cu3Sn has not formed in this 20 
instance and Sn remains.  This is evidence of the preferential formation of Cu-Zn alloys 
where Zn is present, as described in the introduction to this section and in reference [56].     
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3.11.4 Annealing complete Cu|Sn|Cu|Zn precursors 
It is now evident that alloying of the precursor occurs to some degree at room 
temperature and is accelerated by relatively short heat treatments.  It is potentially 
beneficial to apply such a heat treatment prior to sulfurisation. The mobility of the 
component elements is greater in the metallic phase than in the sulfide phases that will 5 
later appear, since the latter have a partly covalent character. One would initially expect 
that a well-mixed precursor should result in a more uniform CZTS film and reduce the 
volatility of Zn atoms. On the other hand, it has also been seen that longer heat 
treatments can cause phase segregation. Also, at the typical compositions in use here, 
according to [56], a liquid phase will form if alloying is allowed to go to completion and 10 
therefore de-wetting becomes likely.  In our experience, higher temperatures and longer 
alloying times frequently resulted in the entire precursor film receding to the edge of the 
substrate, presumably via a molten state. A compromise was adopted: a 3-5 minute 
treatment at 250-270°C was found to achieve partial alloying without de-wetting or 
lateral phase separation.  The morphology of the alloyed precursor was similar to that of 15 
the precursor itself – i.e. fine grained, showing specular reflectivity. The colour of the film 
changed from the white-grey of the Zn top layer of the precursor to a grey-gold attributed 
to alloy formation. 
The XRD spectra for an as-deposited and an alloyed sample are shown Figure 3.16, and 
the accompanying peak assignments in Table 3.IX.  After the heat treatment, all Cu was 20 
found to be in an alloyed state and the Cu5Zn8 phase had formed.  The colour of the 
precursor had changed, which was taken to indicate that all elemental Zn had been 
consumed (the XRD spectra being ambiguous about the presence or absence of elemental 
Zn). Sn was still present, as predicted by the Cu-Sn-Zn phase diagram at this temperature 
[56].  25 
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Figure 3.16. XRD spectra of (a) as-deposited Cu/Sn/Cu/Zn stack, (b) of a Cu/Sn/Cu/Zn stack annealed at 
270°C for 3 minutes. Stack composition was approx. 2:1:1 Cu:Sn:Zn. 
  
(a) 
    
(b) 
   
  
Sn Cu0.8Zn0.2 Cu5Sn4 Cu 
  
Sn Cu5Zn8 Cu6Sn5 
2θ *°+ dobs [Å] d (hkl) [Å] d (hkl) [Å] d (hkl) [Å] d (hkl) [Å] 2θ *°+ dobs [Å] d (hkl) [Å] d (hkl) [Å] d (hkl) [Å] 
29.47 3.03 
  
3.03 (21-1) 
 
30.23 2.95 
  
2.95 (101) 
30.29 2.95 
  
2.96 (311) 
 
30.70 2.91 2.92 (200) 
  30.71 2.91 2.92 (200) 
   
32.05 2.79 2.79 (101) 
  32.12 2.78 2.79 (101) 
   
34.99 2.56 
 
2.56 (222) 
 35.02 2.56 
  
2.55 (20-2) 
 
37.85 2.38 
 
2.37 (321) 
 37.71 2.38 
 
2.37 (100) 
  
43.16 2.09 
 
2.09 (330) 2.10 (110) 
42.25 2.14 
 
2.15 (002) 
  
45.00 2.01 2.02 (121) 
  43.17 2.09 
  
2.10 (232) 2.09 (111) 48.00 1.89 
 
1.89 (332) 
 43.45 2.08 
 
2.08 (101) 
  
53.57 1.71 
  
1.71 (201) 
44.12 2.05 2.06 (220) 
   
62.79 1.48 1.48 (112) 
  45.06 2.01 2.02 (121) 
   
71.12 1.32 
  
1.32 (211) 
47.61 1.91 
    
79.18 1.21 
 
1.21 (633) 1.21 (300) 
48.62 1.87 
         50.65 1.80 
   
1.81 (200) 
     53.59 1.71 
  
1.71 (523) 
      56.92 1.62 
  
1.62 (430) 
      57.76 1.59 
 
1.59 (102) 
       60.28 1.53 
  
1.54 (51-1) 
      62.85 1.48 1.48 (112) 
        64.69 1.44 1.44 (231) 
        67.98 1.38 
 
1.37 (110) 
       71.10 1.32 
  
1.33 (543) 
      77.03 1.24 
  
1.24 (34-3) 
      77.83 1.23 
 
1.23 (103) 
       79.13 1.21     1.21 (060)             
Table 3.IX Peak assignments for XRD spectra in Figure 3.16: (a) as-deposited Cu/Sn/Cu/Zn stack, (b) 
Cu/Sn/Cu/Zn stack annealed at 270°C for 3 minutes. Stack composition was approx. 2:1:1 Cu:Sn:Zn 5 
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Depth profiles were measured using secondary-ion mass spectrometry (SIMS).  The 
extent of room temperature alloying is clear in Figure 3.17(a), which was measured 
approx. one week after precursor deposition. The x-axis is a time scale which is 
proportional to depth if the ion beam penetrates through the sample at a constant rate. 
Near the film surface there are distorting effects attributed to oxide formation. The 5 
approximate positions of the ‘true’ surface, and the back contact, are indicated in the 
figures.  The data here are not quantitative, but give instead the relative changes in 
concentration of an element as a function of depth.  It was not possible to perform a 
measurement immediately after precursor preparation to obtain a clearer image of the 
layers after electrodeposition, since the instrument was installed at a collaborating 10 
institution.     
After a week at room temperature, the base layer of Cu seems to have migrated through 
the Sn layer to become concentrated in an intermediate layer between the Sn and Zn. The 
Cu concentration is higher in the region of greater Zn content, suggesting that Cu-Zn 
alloys have formed to a greater extent than Cu-Sn alloys (both are seen in Figure 3.16(a)). 15 
The precursor surface is clearly Zn-rich.  In the heated sample, the Cu profile is much 
more level, and although the surface of the sample is still Zn-rich and now also Sn-rich, 
both elements extend though the depth of the film, which shows that the precursor has 
become almost homogeneous.  
 20 
 
Figure 3.17. SIMS depth profiles of Cu|Sn|Cu|Zn films: (a) as-deposited, (b) heated to 300°C for 5 
minutes.  
(a) (b) 
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3.12 Annealing precursor stacks in the presence of sulfur 
 
3.12.1 Incorporation of sulfur into the precursor 
In the strategy adopted in this investigation, the emergence of the CZTS phase must be 
preceded by complete incorporation of sulfur into the metallic precursor. This is expected 5 
to occur via the formation of intermediate binary and ternary phases, including Cu2S, CuS, 
ZnS, SnS, SnS2 and Cu2SnS3 [96]. The rate of this initial reaction with S is rapid.  Figure 3.18 
shows the spatially resolved penetration of S into a precursor at short sulfurisation times.   
(a)  (b)
 
(c)
 10 
Figure 3.18. EDS maps of S concentration as a function of position after (a) 10s, (b) 60s and (c) 150s of 
sulfurisation at 500°C, at 10 mbar. The sulfur source (20 mg) was placed at the corner corresponding to x 
= 7, y = 7 on the plot.  
 
Sulfur uptake is initially non-uniform, beginning at the side nearest the solid S source, as 15 
shown by the higher count rate in the (7, 7) corner of the plot at t = 10s.  After 60s, the 
uptake of S is even, and has reached the same level across the whole sample as was 
initially only found along the x = 7 and y = 7 edges. Between 60s and 150s, the S content 
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rises uniformly.  The observed pattern of S uptake shows that the rate of the reaction 
between S and the precursor (leading to the initial formation of binary sulfides) is quicker 
than the rate of arrival of S vapour by convection.  If the reverse were true, then the S 
content should rise uniformly across the entire sample. The phase composition of these 
samples will be discussed in section 3.12.2. 5 
Figure 3.19 (b) shows a SIMS depth profile of a film after 10 minutes of 
sulfurisation at 420°C.  It can be seen that S has penetrated through the entire depth of 
the film. In comparison to Figure 3.19(a), which shows the depth profile of an alloyed 
precursor, the profiles of the metal elements have also levelled out, although there is a 
gradual increase in the Cu content towards the surface of the film. 10 
 
Figure 3.19. SIMS depth profiles for (a) an alloyed precursor, and (b) a sample sulfurised for 10 minutes at 
420°C.  Sample composition approx. 2:1:1 Cu:Zn:Sn. 
 
The rapidity of sulfur uptake (sulfurisation) and the reported rate of formation of 15 
CZTS [18] suggest that the system is well suited to rapid thermal processing. After the 
initial alloying stage (three minutes at 270°C), the rapid thermal sulfurisation process 
used for most of this work consists of three segments: fast ramping (~10-20°Cs-1), a dwell 
at constant temperature and finally a fast cool.  As soon as the S is vaporised and in 
contact with the sample (i.e. the atmosphere is reactive) and the sample is at sufficient 20 
temperature to initiate a reaction with the S (the sample is reactive), then sulfurisation 
will commence.  When heating is rapid, we can assume that the major part of the 
reaction occurs during the dwell period, not during heating. Reactions can continue 
during the dwell either until they are complete or until the reactivity of the atmosphere 
has dropped due to S diffusion away from the hot zone. Rapid cooling will quench any 25 
(a) (b) 
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reactions that are in progress and – aside from solidification of molten phases – we can 
assume that further phase transformations during cooling are minimal.  Importantly, this 
means that the phase composition of the cooled sample is more or less identical to that 
of the sample during the dwell, and therefore determination of the phases present in the 
cooled sample (e.g. by XRD) enables us to say which phases were present during the 5 
sulfurisation at high temperature.   
In the following discussion, we will look at the phases formed as a function of 
temperature with short dwell times.  After that, we will turn our attention to the changes 
that occur as a function of time at a fixed temperature.   
 10 
3.12.2 Phase formation as a function of temperature 
A series of identical precursors was prepared, having a composition of approx. 2:1:1 
Cu:Zn:Sn, and each was sulfurised for five minutes at a temperature from 250 to 550°C in 
increments of 50°C. A heating rate of 10°Cs-1 and the maximum possible cooling rate were 
used. This treatment allows time for the stable phases at a given temperature to form to 15 
an extent that they can be observed. It is assumed that most of the phase 
transformations occur during the dwell period since the ramp stage is very short.   
The samples were analysed by powder X-ray diffraction (XRD), Raman 
spectroscopy (for the samples sulfurised from 400 to 550°C, and also a sample sulfurised 
at 600°C) and electron microscopy. All of these data will now be discussed in parallel. The 20 
XRD spectra are displayed in Figure 3.20, with the most important peaks and their 
intensities shown as a function of temperature in Figure 3.21.  Figure 3.22 and Figure 3.23 
show SEM images of the samples, and the Raman data are displayed in Figure 3.25 
(spectra) and Figure 3.26 (peak intensities). 
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Figure 3.20. Phase structure as a function of temperature for a series of precursors sulfurised at 
increasing temperatures: (a) 250, (b) 300, (c), 350, (d) 400, (e) 450, (f) 500, (g) 550°C.  Other sulfurisation 
conditions: t = 5 mins, p = 16 mbar, 20 mg of sulfur. Sample (a) was an alloyed precursor – no sulfur was 
used. 5 
 
Figure 3.21. Peak intensities as a function of sulfurisation temperature for the XRD spectra shown in 
Figure 3.20. Some traces have been expanded by 5 times for clarity. 
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Figure 3.22. Evolution of surface morphology as a function of sulfurisation temperature: (a) 300°C, (b) 
350°C, (c) 400°C, (d) 450°C, (e) 500°C, (f) 550°C. 5 
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These figures will now be discussed according to the temperature sequence. 
 Alloyed precursor 
Figure 3.20(a) shows that the alloyed precursor consists of Cu5Zn8, elemental Sn and 
Cu6Sn5.  These phases will be the initial sources of sulfide materials.   5 
300°C 
At 300°C, the XRD data show that elemental Sn has gone, and the intensities of Cu5Zn8 
and Cu6Sn5 have dropped, but there are no traces yet of any sulfide compound.  The 
reduction in the peaks may be due to an orientation effect, or it is possible that 
sulfurisation has commenced with consumption of these phases but that the products are 10 
not yet crystalline or abundant enough to be visible in the diffractogram.  The SEM image 
Figure 3.22 (a) shows a similar morphology to the precursor. 
350°C 
At 350°C, the intensity of the Cu5Zn8 peak has dropped to zero after 5 mins of 
sulfurisation.  We now see the first sign of the important peak at 28.6°. This peak is the 15 
principal reflection present in the spectra of ZnS, Cu2SnS3 (CTS) and Cu2ZnSnS4 (CZTS) – 
which all have very similar lattice parameters – and corresponds to the (112) planes. It is 
not possible to distinguish which phase (or mixture) is giving rise to the peak. For this 
reason, the peak is simply referred to as the Σ(112), following a notation used by Weber 
et al [61]. Due to their lower symmetry, CTS and CZTS show additional peaks (e.g. the 20 
(103), at 27.9°) that are not in the spectrum of ZnS.  When these are observed it is 
possible to confirm the presence of the ternary or quaternary compounds but the 
presence of ZnS cannot be ruled out since it has no unique peaks of its own. CTS and CZTS 
cannot be distinguished on the basis of thin film XRD. The Σ(112) peak is weak at 350°C, 
and given the expected ratio of intensities one would not expect to see the CZTS/CTS 25 
(103) even if these phases were present. However, given the disappearance of the Cu5Zn8 
phase, it seems likely that ZnS is the first sulfide phase to form.  This is in contradiction to 
Schurr et al, who observed Cu2S and SnS2 phases before the emergence of ZnS.  This may 
be due to the type of Cu-Zn phase present in the precursor: they found CuZn instead of 
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Cu5Zn8; and also to any gradients of composition with depth since the reaction will begin 
at the surface of the film where S vapour arrives. The fate of the Cu from the Cu5Zn8 is 
unclear, as neither Cu-S nor elemental Cu can be seen in the XRD. A partial explanation 
may lie in the shift of the Cu6Sn5 peak: this now matches more closely to Cu5Sn4 – a 
slightly more Cu-rich phase – which could soak up some of the extra Cu atoms.  Elemental 5 
Sn, which was seen in the precursor but disappeared at 300-350°C, could also have 
absorbed some excess Cu. The SEM image, Figure 3.22(b), shows a loss of crystallinity and 
pitting of the surface, which confirm that some kind of reaction has initiated.  A reaction 
scheme that explains these observations is shown below: 
Cu5Zn8 + S  (Cu, Cu2S) + ZnS         10 
400°C 
The phase composition and morphology after five minutes at 400°C are interesting. 
Firstly, the XRD data (Figure 3.21) show that two Cu-S phases, close to CuS (covellite) and 
Cu2S (chalcocite), have emerged, while the peak for Cu6Sn5 has completely vanished. The 
formation of Cu-S phases is evident in the SEM images. Figure 3.22(c) shows that blocky 15 
crystallites several microns in diameter have formed on the surface of the film.  These can 
be confirmed as Cu-S in two ways: firstly, the EDS maps in Figure 3.23 show that the 
grains correlate strongly with Cu and are anti-correlated with Zn and Sn.  Secondly, 
application of a KCN etch, which is highly preferential for Cu-S, removes these crystallites 
entirely, and the post-etching composition reveals that almost all the Cu in the film has 20 
been removed without any loss of Zn or Sn – see Figure 3.24 and Table 3.X.  This is 
interesting, because it shows that the entire Cu content of the film has migrated to the 
surface of the film to form Cu-S grains. This has implications for the back contact of the 
film, since the out-diffusion of Cu atoms can only occur if there is a corresponding in-
diffusion of vacancies to replace them, which could result in voids and poor electrical 25 
contact.   
R3.10 
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Figure 3.23. SEM image and corresponding EDS maps of a sample sulfurised at 400oC for 5 minutes. 
 
 
 5 
Figure 3.24. Removal of surface phases present at 400
o
C by KCN etching: (a) before, and (b) after etching 
for 90s in 5 wt% KCN. 
 
 Cu at% Zn at% Sn at% 
Before etch 22.6 15.4 16.7 
After etch 1.9 23.1 24.8 
Table 3.X. compositions of sample sulfurised at 400°C for 5 minutes before and after etching in 5wt% 
KCN. 10 
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Surprisingly, several peaks for elemental Sn have reappeared in the XRD pattern 
for the 400°C sample, suggesting that at this temperature the sulfurisation of Sn is only 
occurring to a limited extent. At this temperature, Sn is certainly in the liquid phase (m.p. 
~ 230°C), which will be important for the diffusion and bulk mechanical properties of the 
film.  Corroborating this, it is apparent that the Sn reflections for the 400°C sample are 5 
highly oriented, which is probably due to recrystallisation from the melt upon cooling. 
Preferred orientation along the [101] axis, which corresponds to the close packed plane 
of tetragonal β-Sn, is commonly seen for Sn upon solidification [55]. This means that the 
intensity shown in Figure 3.21 is perhaps an overstatement; however there is no evidence 
for SnS/SnS2/Sn2S3 and only weak reflections for other Sn-containing phases are seen, as 10 
will now be discussed.   
Turning now to the higher-order phases, the Σ(112) peak has grown and a 
CZTS/CTS (103) peak has become visible.  The Raman data (Figure 3.25 and Figure 3.26) 
reveal two main peaks which match the literature values for CZTS. Unfortunately, the 
presence of CTS and ZnS cannot be entirely ruled out: they could overlap with the main 15 
CZTS peak.  A peak at the position anticipated for Cu2S is also seen.   
 
Figure 3.25. Raman spectra for a series of precursors on Mo-quartz substrates, sulfurised at increasing 
temperatures: (a) 400, (b) 450, (c), 500, (d) 550, (e) 600°C, for 5 minutes, and (f) at 600°C for 30 minutes. 
Other sulfurisation conditions: p = 16 mbar, 20 mg of sulfur.  20 
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Figure 3.26. Peak intensities as a function of sulfurisation temperature for the Raman spectra in Figure 
3.25 (a)-(e).  
 5 
According to the EDS data (Table 3.X) only 12% of the original Cu remained after etching 
this sample, and therefore this is the maximum amount that could be in the CZTS phase 
(assuming CZTS is not itself etched).  The phase composition at this temperature is 
therefore a small amount of CZTS alongside Cu-S, ZnS, and elemental Sn. There may also 
be some CTS.  10 
A reaction scheme that explains the observations at 400°C is shown below: 
Cu6Sn5 + 1.5S2(g)  3Cu2S + 5Sn(l)        
         
2Cu5Zn8 + 10.5S2(g)  5Cu2S + 16ZnS       
        15 
Combined with: 
Cu2S + Sn(l) + ZnS + S2(g)  Cu2ZnSnS4, Cu2SnS3     
         
According to Hergert and Hock [96], the formation of CZTS (R3.13) should occur 
via the formation of CTS or SnS2 as intermediates. No SnS2 is observed by XRD or Raman, 20 
but CTS cannot be ruled out based on either technique. 
R3.11 and R3.12 result in the almost total transport of Cu to the film surface as 
Cu2S, which is clearly undesirable for film uniformity, in terms of the separation of 
elements and in the introduction of vacancies.  
R3.13 
R3.12 
R3.11 
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450°C  
 At 450°C, elemental Sn is no longer observed and the Σ(112) and CZTS/CTS (103) peaks 
are larger than at 400°C.  There are two possible explanations: either that a different 
reaction pathway occurs at this higher temperature, which does not go via the liquid Sn 
phase; or that the reaction sequence R3.11-R3.13 has continued to completion within 5 5 
minutes.  It will be shown below that the latter is more likely.  The Raman data also show 
a slight increase in the size of the CZTS peak.  The SEM image, Figure 3.22(d), still shows 
Cu-S grains, but when compared to the 400°C sample, the grains are smaller and appear 
better integrated into the bulk of the sample – i.e. they have not segregated completely 
to the surface as seen at 400°C.  This suggests that at 450°C the reactions that consume 10 
Cu2S and lead to CZTS occur more rapidly, limiting the extent of the Cu2S segregation 
process. This is one reason to favour the use of a rapid temperature ramp: to avoid 
spending time at temperatures where the gross segregation of Cu2S to the surface occurs.  
500 – 600°C 
At 500°C, Cu-sulfides do not appear in the XRD spectra, while the Σ peaks continue to 15 
increase up to 550°C. Note that the softening point of glass limits the temperatures that 
can be used here. The Raman samples were prepared on quartz substrates which have a 
much higher softening point.  Cu2S is still visible to the surface-sensitive Raman at 500°C, 
but has disappeared by 550°C. At 600°C, the CZTS Raman peak is still increasing. The SEM 
images show no significant changes to the surface morphology between 500 and 600°C, 20 
with some large Cu-S grains still visible.   
3.12.3 Development of phases as a function of time at 500°C 
To obtain further information about phase formation at short sulfurisation times, a time-
resolved study was carried out at 500°C.  Identical samples were sulfurised by ramping at 
10°Cs-1 to 500°C and then holding for 0, 10, 60 and 150 seconds respectively before 25 
quenching by rapid cooling.  The XRD spectra for these samples are shown in Figure 3.27 
and the intensities of the key peaks are shown in Figure 3.28.  
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Figure 3.27. XRD spectra as a function of sulfurisation time at 500°C for (a) 0s (ramped only), (b) 10s, (c) 
60s, (d) 150s. 
 
Figure 3.28. XRD peak intensities as a function of sulfurisation time at 500°C (refers to Figure 3.27). 5 
 
At the start of the dwell period, i.e. immediately after the ramp, only the precursor 
phases Cu6Sn5 Cu5Zn8 and Sn are observed.  No sulfide phases are seen, which confirms 
that very little transformation occurs during the fast heating stage, either because the 
sulphur vapour has not yet reached the sample or because the reaction has not had time 10 
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to generate sufficient  uantities of material.  After 10s, the Σ(112) peak is seen, probably 
attributable to ZnS, alongside a weak reflection from the (102) planes of Cu2S.  The most 
interesting feature after 10s is the simultaneous emergence of the Sn (101) and Cu3Sn 
(201)/(002) peaks, while the Cu6Sn5 peak diminishes. The intensities of both new peaks 
(particularly Cu3Sn) point to a preferential orientation.  Noting that the melting point of 5 
Cu6Sn5 is around 415°C, this can be explained by the crystallisation of Cu3Sn from molten 
Cu6Sn5, leaving behind molten Sn, which in turn crystallises upon cooling of the sample 
below 230°C. The melting point of Cu3Sn is much higher, around 680°C.  Therefore in the 
early stages of sulfurisation we have the reactions: 
Cu5Zn8 + S2 (g)  Cu2S + ZnS         10 
Cu6Sn5(s)  Cu6Sn5(l) (starting around 400°C)    
Cu6Sn5(l)  2Cu3Sn(s) + 3Sn(l)       
 
By 60s, Cu6Sn5 has disappeared altogether, by the continuation of R3.16.  The 
Cu3Sn phase has also vanished, which, given the further increase in the Sn (101) and Cu2S 15 
(102) peaks, must be due to a reaction such as: 
2Cu3Sn + 3S  3Cu2S + 2Sn(l)        
 
Note that in the temperature study above, the steps R3.15 to R3.17 were 
previously described by a single step, which explained the products present after 5 20 
minutes of sulfurisation.  
After 150s, the amounts of Sn and Cu2S are decreasing while the Σ(112) increases, 
which points to the formation of CTS or CZTS.  As shown in Figure 3.21 and Figure 3.26, 
the only phases remaining after 5 minutes/300s of sulfurisation are CZTS, Cu2S, and 
possibly CTS. 25 
Before we present a model of CZTS film growth from the stacked electrodeposited 
precursor, there are several aspects of the foregoing data that require further 
examination. 
R3.17 
R3.16 
R3.15 
R3.14 
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3.12.4 Surface segregation of Cu2S and formation of voids 
During film growth, Cu tended to migrate towards the film surface to form Cu2S, as shown 
by SEM and EDS analysis alongside etching experiments.  At 400°C this reaction had 
almost gone to completion, while at higher temperatures, the Cu2S grains were more 
buried, suggesting that other reactions took over before the material could rise 5 
completely.  The reason for this surface segregation can be understood in terms of a 
vacancy diffusion mechanism discovered by Kirkendall, resulting from the interdiffusion 
of two species which have very different bulk diffusivities [98].  Net material transport 
occurs due to an unequal likelihood of the different atoms moving into adjoining 
vacancies  [99], meaning that the process is best described as a net flux of vacancies. For 10 
example, at the interface between Cu and a Cu3Sn alloy, the high diffusivity of Cu 
compared to Sn in the alloy causes the Cu-alloy interface to move into the alloy phase 
leaving large concentrations of Cu vacancies, which originated at a surface, at the Cu-
Cu3Sn interface [100].  Mobile lattice vacancies can coalesce into voids (Kirkendall voids), 
especially at higher temperatures.  For example, in the case of Zeng et al, after 20 days of 15 
heating a Cu3Sn-Sn bilayer at 150°C, voids several microns in extent occupied more than 
70% of the Cu3Sn-Cu interface [100]. Since Kirkendall void formation is a diffusion-based 
process, it is thermally activated and therefore much higher rates can be expected at the 
temperatures used in this study. 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 114 - 
 
Figure 3.29. Schematic diagram showing Kirkendall void formation in a layer of Cu reacting with S vapour. 
(a) A thin Cu2S overlayer forms, (b) S atoms from the vapour become adsorbed at the surface, Cu 
vacancies are created alongside them. (c) Diffusion of Cu vacancies away from their site of formation, 
with a net flux of Cu atoms towards the surface. (d) Accumulation of vacancies to form a void at the 5 
bottom of the film. Note that the layer of Cu2S has increased in thickness as a result. 
In a striking example of this process, hollow spheres of CdS can be formed from the 
reaction of initially solid Cd nanoparticles with S, due to the unequal diffusivity of Cd2+ 
and S2- ions.  Cd2+ vacancies flow inwards from the surface of the growing CdS layer and 
Kirkendall voids form and grow in the centre of the nanoparticle until the reaction is 10 
complete and the particle is completely hollow [101]. Figure 3.29 illustrates the Kirkendall 
effect in the growth of Cu2S from a Cu film. 
Returning to the material at hand, “Cu2S” is generally non-stoichiometric, having a 
deficiency of Cu(II) ions.  This is represented by the incorporation of small amounts of CuS 
[102]: 15 
xCuS + (1-x)Cu2S  Cu2-xS       
 
R3.18 
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This process creates Cu vacancies, the bulk diffusivities of which are very high, especially 
at elevated temperatures [103], while the rate of diffusion of S2- anions is much slower.  
This presents ideal conditions for the Kirkendall effect.  Liu et al studied the growth of 
Cu2S pillars out of a Cu metal surface exposed to H2S, and presented a growth mechanism 
driven by the diffusion of ionic vacancies from the reacting surface into the bulk material 5 
[104].  The mechanism involved the addition of S2- anions – which can be considered as 
having adjoining Cu+ vacancies – to the Cu surface.  Cu+ cations diffuse out of the Cu bulk 
into these vacancies (equivalent to in-diffusion of the vacancy) to join the absorbed S2- 
and form Cu2S.  Initially, a uniform layer of Cu2S formed, but cracks due to expansion 
seeded the nanowires, which grow anisotropically due to faster vacancy diffusion along 10 
the [001] direction.  The wires grew outwards by continued diffusion of vacancies down 
the wire towards the substrate.  The net effect of this mechanism was transport of Cu out 
of the film and accumulation of vacancies inside the film.   
In the particular case of CZTS film formation, the Kirkendall effect can be invoked 
to explain the observed morphology after 5 minutes of sulfurisation at 400°C. In the 15 
present case, we have Cu6Sn5 as a Cu source and S vapour reacting at the surface.  
Initially, Cu2S can form easily and cover the Cu6Sn5 surface. In order for the Cu2S grains to 
grow, we require transport of Cu atoms out of the Cu6Sn5 phase, through the covering 
Cu2S layer to the outer surface, where they can combine with S
2-. This process is best 
described by continuous diffusion of Cu vacancies from the surface into the film.  Cu 20 
transport from deeper in the film is presumably enhanced as the Cu6Sn5 phase melts, and, 
as we have seen, is able to continue until nearly all the Cu has moved from the bulk of the 
film to the surface leaving behind only molten Sn (ZnS having already formed). At the end 
of the reaction, a high concentration of vacancies will remain at the Mo-Sn interface.  
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Figure 3.30. (a) Void formation under CZTS layers. (b) Presence of intact and collapsed bubbles in the film. 
Composition of films approx. 2:1:1 Cu:Zn:Sn Sulfurised at 550°C.   
We have already seen an instance that shows an unfavourable interaction of Sn with Mo: 
the de-wetting of liquid Cu-Sn alloys from Mo as seen in section 3.11.2. This makes void 5 
formation by vacancy agglomeration at the Sn-Mo interface especially likely, because the 
interfacial energy will be reduced.  We can attribute the fact that the film does not de-
wet the substrate to the presence of a solid layer of Cu2S and ZnS at the surface.  Voids at 
the Mo-CZTS interface are frequently reported in the CZTS literature (see for example 
[67]), and an example is shown in Figure 3.30(a). Similar void formation at Cu3Sn-Cu 10 
interfaces resulted in considerable losses of electrical conductivity and mechanical 
strength [100], the former being of great concern in this case.   
3.12.5 The presence of liquid Sn, the absence of SnxSy 
The second feature requiring explanation is the presence of liquid elemental Sn during 
film growth. One consequence of the liquid phase could be that void formation by 15 
vacancy agglomeration is enhanced, which may in extreme cases result in bubbles.  
Features such as those in Figure 3.30(b) and Figure 3.31 are consistent with the formation 
and collapse/bursting of bubbles underneath the film, leaving ‘pinholes’ where the  o 
substrate is exposed.  This will have severe consequences for the electronic properties of 
the film due to formation of electrical shorting pathways. 20 
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Figure 3.31. Features commonly seen in Sn-rich films, consistent with the formation and collapse of 
bubbles in the presence of liquid Sn. (a) SEM image, (b) EDS map (colour) showing Cu in red, Zn in green 
and Sn in blue. S was present uniformly over the entire area. 
 5 
Another interesting aspect is that the Sn does not form Sn-S phases; one or other of the 
binaries SnS, SnS2 or Sn2S3 should start to form from around 150°C if elemental Sn is in 
contact with S vapour [17, 105].  At the same time, we do see the emergence of other 
sulfide phases (Cu2S, ZnS), so there must be S vapour present above the sample. We can 
only conclude that the formation of solid sulfides (particularly Cu2S) at the surface of the 10 
film prevents direct contact between Sn and S vapour.  This is in agreement with the 
relative densities of the phases as shown in Table 3.XI.  Transport of S to the Sn layer can 
then only occur via diffusion of S2- anions through Cu2S or ZnS, in which case it is likely 
that a ternary or quaternary phase would be formed rather than SnxSy. This process 
should be relatively slow, which explains why elemental Sn is seen for a considerable time 15 
into the reaction sequence (e.g. see Figure 3.27). 
Phase Density (gcm-3) 
ZnS 3.9 – 4.2 
Cu2S, CuS 5.5 – 5.8, 4.6 – 4.8 
Sn (l) 6.99 
Table 3.XI. Densities of some selected phases. 
 
The EDS maps of Figure 3.32 (reproduced from Figure 3.18) show two stages of 
sulfurisation: one rapid step between 10 and 60s that levels out the S content of the film, 20 
and a second, slower step where the S content increases uniformly.  These two stages 
may well correspond to the reactions elucidated above, i.e. firstly the formation of ZnS 
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and Cu2S, and then, at a slower rate, the penetration of S through these materials to the 
underlying Sn leading to formation of the higher phases.  
(a)  (b)
 
(c)
 
Figure 3.32. EDS maps showing S concentration as a function of position after 10s, 60s and 150s of 5 
sulfurisation. The S source was placed at the point corresponding to x = y = 7 on the plots. 
 
Given the similarity of the approach of Schurr et al [17] to ours, we need to 
explain the stark differences in the observed Sn-containing phases.  In that work, SnS2 was 
seen to form and later to melt before the emergence of ternary phases.  No liquid Sn was 10 
seen, although it must be pointed out that if liquid Sn was formed by the same 
mechanism as we propose (i.e. rejection from a molten Cu-Sn phase), it would not have 
been observed in the in-situ XRD experiment, it would only become detectable on 
cooling.  The principal difference between their experiment and ours is the order of 
magnitude difference in the heating rates: 0.8°Cs-1 in the cited work compared to 10°Cs-1 15 
in this work.  During a slow ramp, the most thermodynamically stable phases are likely to 
be formed, as diffusion processes leading to the formation of new phases have more time 
to occur. Therefore SnS2 is observed alongside Cu-S and Zn-S phases.  However, if the 
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ramping rate is high, phase formation will be dominated by kinetic concerns, such as the 
proximity of reactive materials.  In the present work, it appears that Cu2S and ZnS quickly 
cover the precursor surface, which suddenly becomes reactive in the presence of S 
vapour as the temperature is rapidly increased.  In order to react with Sn, S atoms would 
be required to diffuse through these solid sulfides. If this diffusion process is relatively 5 
slow compared with the ramping rate, then the temperature at which SnS2 reacts with 
Cu2S and/or ZnS may be reached before any observable quantity of SnS2 has built up. In 
this case, SnS2 would never be seen because it is consumed as rapidly as it is formed. The 
case may be similar for Cu6SnS4, which is another intermediate phase observed by Schurr 
et al, but not seen here.    10 
It appears that the ramping rate is very important in deciding the reaction sequence 
that leads to the final CZTS film by sulfurisation of a stacked metallic precursor.  Schurr et 
al [17] presented a model for the reaction sequence that occurs when slow ramping rates 
are used, and we will now present one for higher ramping rates.  
  15 
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3.13 Proposed model for CZTS formation with high heating rates 
Based on the findings in the previous section, we now present a model of the reaction 
processes that appear to be occurring when a high ramp rate is employed to sulfurise a 
metallic Cu-Zn-Sn precursor.  The XRD and Raman data showing phase formation as a 
function of time and temperature allow us to derive a reaction sequence with reasonable 5 
confidence, although the mechanistic details remain to be studied.  It should be noted 
that this scheme is only a proposal that adequately describes the data herein, and should 
be treated as a working hypothesis to be revised in light of future investigations. 
3.13.1 Reaction sequence at 500-550°C 
The phases present prior to sulfurisation (after a short alloying stage) are Cu5Zn8, Cu6Sn5 10 
and Sn.  The first stage is the direct reaction of S vapour with the Zn-rich surface: 
Cu5Zn8 + S2(g)  Cu2S + ZnS       
 
All the Zn appears to be consumed during this stage, which is complete within 1 minute.  
Further growth of Cu2S now occurs by the adsorption of S2(g) at the Cu2S surface, causing  15 
the creation of Cu+ vacancies, VCu. These vacancies diffuse into the film, which is 
equivalent to a transport of Cu towards the surface from the underlying Cu6Sn5 phase.  As 
it loses Cu, Cu6Sn5 (which may melt) undergoes a phase transition to form Cu3Sn and 
molten Sn.  There are thus two spatially separate reaction processes mediated by the flux 
of Cu vacancies; firstly at the surface:  20 
½S2 (g) + Cu2S(s)  2Cu2S(s) + 2VCu,       
 
and then, following diffusion of vacancies into the sample: 
Cu6Sn5(s) + 3VCu  Cu3Sn(s) + 4Sn(l)        
 25 
This process continues with the formation of further molten Sn until the Cu3Sn phase is 
also consumed: 
Cu3Sn(s) + 3VCu  Sn(l)         R3.22 
R3.21 
R3.20 
R3.19 
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The net effect of R3.20-R3.23 is: 
Cu6Sn5(s) + 1.5S2(g)  3Cu2S(s) + 5Sn(l)       
 5 
The validity of this reaction is apparent when one compares the heats of formation of 
Cu6Sn5 and Cu2S, which are -7.04 [106] and -79.4 kJmol
-1 [107] respectively; there is a 
strong thermodynamic driving force for the formation of Cu2S by decomposition of 
Cu6Sn5. In the above processes, the influx of vacancies may be the source of voids that 
form at the Mo-Sn interface. These voids could in principle coalesce easily while liquid Sn 10 
is present, which may be favourable to reduce the interfacial energy. 
This first stage of sulfurisation resulting in Cu2S, ZnS and Sn(l) is complete after 60-
150 seconds at 500°C. The next stage is slower, because S atoms have to penetrate the 
solid surface layers in order to reach the underlying Sn. It takes 3-5 minutes to consume 
the liquid Sn phase in the growth of CZTS (and maybe CTS), which appears to occur 15 
directly from the binaries: 
Cu2S + Sn + 2S + ZnS  Cu2ZnSnS4, Cu2SnS3      
 
This reaction would presumably begin where Cu2S, Sn and Zn are in mutual contact. 
 Note that at no stage in this discussion has the phase Cu2ZnSn3S8 been mentioned. 20 
This is because there is very limited information available about the phase at present, 
except that the structure and lattice parameters are close to those of CZTS. If this Sn-rich 
phase were to form, then a likely location would be in the lower regions of the film, 
where the concentration of Sn is highest during growth.  
 A schematic diagram showing these reactions occurring within the film is given in 25 
Figure 3.33, the stages of which will now be described. Diagram (a) shows a cross-
sectional representation of the precursor on a Mo-SLG substrate. In (b) is shown the 
initial reaction of S vapour with the surface, forming grains of ZnS and Cu2S. Diagram (c) 
illustrates the Kirkendall mechanism of Cu2S growth, the vacancy influx causing the Cu6Sn5 
phase to eject liquid Sn and form Cu3Sn.  Vacancies accumulate at the back surface to 30 
form voids.  This process continues until all the Cu is consumed, (d). At this point in the 
R3.24 
R3.23 
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scenario, we have an underlying layer of liquid Sn, and, essentially floating above, a 
surface layer of ZnS with large Cu2S grains embedded in it. CZTS growth now starts at the 
interface between the three metal-containing phases, (e) and continues to spread away 
from these interfaces until all the source material is consumed (f). An edge-on image of a 
CZTS film is shown in Figure 3.34 for comparison. 5 
 
Figure 3.33 Proposed formation sequence of CZTS films when high ramp rates are used. See text for 
explanation. 
Mo-SLG substrate 
ZnS 
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Figure 3.34. Edge-on image of a CZTS film showing large crystals in the vertical direction and voids at the 
Mo-CZTS interface. 
 
  5 
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Conclusions 
The goal of this section of work was to demonstrate conversion of the electrodeposited 
Cu-Sn-Zn precursors developed in Chapter 2 into films of which the primary phase was 
Cu2ZnSnS4, by reaction with S vapour at elevated temperatures.  The equipment used to 
achieve this was a Rapid Thermal Processor (RTP), which has very high heating and 5 
cooling rates. The foundation of much of the work in this chapter and those that follow is 
the ability of the RTP to cool a sample rapidly, such that the phases present at the 
annealing temperature are preserved.  Very short annealing intervals can be employed, 
and in this way the progress of the reactions occurring at high temperature can be 
indirectly inspected. The main characterisation techniques available were scanning 10 
electron microscopy (SEM), X-ray diffraction (XRD) and Raman spectroscopy.   
 Initially, a study of the effects of heating precursor films in the absence of S 
vapour was carried out. This was done in order to determine which alloy phases would 
comprise the chemical precursors to the sulfide phases, once S was introduced.  The 
primary alloy phases formed in Cu-Sn bilayers after heating were Cu5Sn4 and Cu3Sn, and 15 
those in Cu-Zn bilayers were Cu0.8Zn0.2 and Cu0.75Zn0.25. In the complete Cu|Sn|Cu|Zn 
stack, after a three-minute heat treatment at 270°C, the phases observed were Sn, Cu5Zn8 
and Cu6Sn5, showing that Cu was completely involved in alloy formation and that Cu-Zn 
alloys formed preferentially to Cu-Sn alloys, leaving behind un-reacted elemental Sn. This 
is in agreement with the literature. SIMS depth profiles showed that the interdiffusion of 20 
Cu was complete, and the surface of the alloyed precursor was Sn- and Zn-rich.  Therefore 
this short heat treatment was sufficient to emulate the fabrication of a mixed precursor, 
such as might be produced from a co-electrodeposition approach. 
The reaction of S vapour with samples at a series of increasing temperatures was 
studied.  Phase formation began with the emergence of ZnS and Cu-S phases between 25 
300 and 350°C. The most notable effect was the almost total segregation of Cu-S phases 
to the film surface at 400°C, leaving a liquid Sn phase underneath. Raman spectroscopy 
definitively showed the CZTS phase emerging between 400 and 450°C, although the 
presence of Cu-Sn-S phases could not be ruled out.  Studies of the phase emergence as a 
function of time at 500°C were performed.  30 
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The primary result from this Chapter was a proposed reaction sequence and model for 
film formation. This was rather different from that found by Schurr et al [17], but the 
differences were adequately explained by the different heating rates; their experiment 
may be regarded as being carried out approx. under equilibrium conditions, whereas this 
one is dominated by kinetic concerns due to the rapid heating rate. The model accounts 5 
in large part for the observed morphology, including the formation of interfacial voids, as 
well as defects such as pin-holes and ‘bubble-like’ structures. A vital component of the 
model was the migration of Cu atoms to the surface of the film, on the basis of the 
Kirkendall vacancy diffusion mechanism. A side effect of this is the generation of a liquid 
Sn phase beneath solid sulfide covering layers, which prevented direct reaction of S with 10 
Sn. 
Some key implications/predictions of the model described for high heating rates 
are listed below: 
(1) Void formation at the Mo-film interface is unavoidable when Cu is present in the 
lower regions of the precursor film. This explains the observation by Araki et al 15 
that having Cu as a base layer in a stacked precursor gave poor adhesion in the 
final CZTS film [38].  They suggested that the best stacking order was 
Mo|Zn|Sn|Cu, i.e. with Cu at the top.  This order would minimise the potential for 
void formation. In the electrodeposition approach this stacking order is difficult to 
achieve; a Cu base layer was actually required to obtain good deposits.  An 20 
alternative approach could be to use a thin Cu base layer, followed by Sn|Cu|Zn 
layers.  The ramping rate should then be as high as possible, to bypass the 
temperatures at which Cu segregation occurs. 
(2) The decomposition of Cu-Sn and Cu-Zn phases is an intrinsic part of the reaction 
sequence. Thus there is perhaps no benefit in preparing a mixed precursor or 25 
attempting to alloy a stacked precursor, as was done in this investigation.  This 
was later corroborated by opto-electronic studies of films produced from alloyed 
and non-alloyed precursors – there were no significant differences between them 
(see Chapter 5).  
An important result of this study was further evidence that the formation of CZTS is very 30 
rapid, occurring within about 3 minutes above 500°C. Therefore the long sulfurisation 
times found in the literature require some explanation. 
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Chapter 4. The influences of sulfurisation variables and precursor 
composition on the development of the CZTS phase. 
 
We saw in the previous chapter how the CZTS phase forms from metallic precursors in the 
early stages of sulfurisation.  Bearing in mind the model for phase formation developed in 5 
that chapter, we now turn our attention to the effects of changing the sulfurisation 
conditions and precursor composition, paying particular attention to: (1) phase 
formation, (2) the observed morphology and (3) the issue of element loss during 
sulfurisation. 
  10 
Background 
4.1 The effects of sulfurisation conditions on film growth 
4.1.1 Sulfurisation conditions in the literature 
For efficient devices, the morphology of the absorber layer is important.  In general 
terms, some important features of a good absorber layer include large grains to achieve 15 
good carrier transport and reduce opportunities for carrier recombination, a relatively 
smooth surface, to avoid shorting from pinholes, and good physical contact with the 
substrate, to achieve a good electronic contact.  If the carrier diffusion length is large, 
then morphological problems are less severe.  Secondary phases are to be avoided in 
most cases; however the least desirable secondary phases are those with smaller band 20 
gaps than the absorber, as these could reduce the open circuit voltage of the device and 
enhance recombination, or worse, conductive phases, which could create shorting 
pathways through the absorber layer.  The presence of secondary phases will in large part 
be due to the composition of the precursor. However, poorly chosen sulfurisation 
conditions can lead to secondary phases by (a) not allowing the formation reactions to go 25 
to completion, so that transient phases remain, and (b) promoting evaporation of certain 
components during heat treatment, resulting in changes in stoichiometry.   
Until very recently, the best-performing CZTS devices – maximum cell efficiency 
6.77% – had been produced by the group of H. Katagiri, and their work certainly 
represents the largest published body of literature pertaining to CZTS devices [11, 108-30 
116]. Precursors are deposited using physical deposition methods (electron beam 
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evaporation or RF (co-)sputtering) before being sulfurised in an atmosphere of N2 
containing H2S. In as much as this is a two stage process (precursor formation-
sulfurisation), the method is similar to that used in this work, and is therefore a useful 
resource in understanding the effects of sulfurisation conditions. Table 4.I shows how the 
sulfurisation process used in the Katagiri group has evolved over time. These annealing 5 
conditions have been determined for a Cu-poor precursor, having a Cu/(Zn+Sn) ratio of 
around 0.85. 
Year Temp. 
[°C] 
Time 
[hrs] 
Heating rate [°C 
min-1] 
Cooling rate 
[°C min-1] 
Total 
duration 
[hrs] 
Process 
gas 
Best cell 
efficiency [%] 
1997[11] 500 1 - 3 20 (to 300°C); 
2-10 (to 500°C) 
Not given 4.6-7.9 N2+5% 
H2S at 10 
sccm 
0.66 
2003 
[113] 
550 3 10 (to 200°C); 
2 (to 550°C) 
2 (to 300°C) 
 
10.3 N2+5% 
H2S at 10 
sccm 
5.45 
2007 
[108] 
580 3 5 5 (to 200°C) 
 
7.6 N2+20% 
H2S at 10 
sccm 
5.74 
2008 
[114] 
580 3 Not given Not given - N2+20% 
H2S 
6.77 
Table 4.I Development of sulfurisation parameters in the work of H. Katagiri.  When no cooling rate is 
given, cooling time is estimated as 3 hours from top temperature, 2 hours from 300°C and 1.5 from 200°C.  
The process gas, where mentioned, was N2+5% H2S flowing at 10 sccm.  10 
 
As can be seen from the table, the annealing times are rather long, and slow heating and 
cooling rates appear to be important to get high quality material. This would imply that 
there is some rather slow process involved in the generation of such material, the extent 
of which can be increased by allowing longer times and higher temperatures. The 15 
annealing temperature has been increased close to the limit imposed by the softening 
point of the glass substrates, and total annealing times of around 8 hours are clearly 
unsuitable for an industrial process, in terms of both time and energy usage.  This 
requirement for long annealing times is especially interesting in the light of the results 
from the previous chapter, and those published elsewhere [18], which suggest that the 20 
CZTS phase is very quick to emerge above around 500°C.  The performance-limiting 
process is therefore more likely to be a later stage of film modification, for example grain 
growth, impurity segregation or, potentially, cation rearrangement [18] (the latter two 
will be discussed in Chapter 5).  There are several cases in the CZTS literature where larger 
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grains have been seen to result at higher sulfurisation temperatures [28, 117], but the 
effect is not dramatic, for example, changing the temperature from 450 to 550°C in a one-
hour heat treatment resulted in an approximate grain size increase of 30% [117]. To the 
best of our knowledge, no functioning devices have been produced from material 
sulfurised for less than one hour. It is clearly important to understand these effects in 5 
order to choose more economical sulfurisation strategies.  It should be pointed out the 
rapid thermal processor used herein still allows long sulfurisation times, if required, but 
has the additional capability of providing fast heating and cooling. 
 In general, changing the sulfurisation conditions has not been seen to lead directly 
to secondary phase formation when the temperature is above around 500°C, but there 10 
are significant issues with evaporation of certain components, the rate of which is 
primarily dependent on the background pressure during sulfurisation, as will now be 
discussed.  
4.1.2 Zn-loss during sulfurisation 
Zn-loss from CZTS films has been reported on several occasions [118, 119].  The vapour 15 
pressure of ZnS is low, but that of elemental Zn reaches 2x10-2 mbar by 350°C and rises to 
about 12 mbar by 600°C [42, 120].  Zn-loss has only been reported to occur during 
vacuum deposition methods using ZnS [119] or Zn [118] sources; it has not been seen to 
occur directly from CZTS films.  The stacking order of the precursors in this investigation is 
fixed by the electrochemistry used for their production: Zn is at the surface, being the 20 
element with the most negative reduction potential.  Therefore Zn-loss is anticipated to 
be a problem, which is one reason why pre-alloying of the precursor stacks was 
attempted. 
4.1.3 SnS-loss during sulfurisation 
There are many cases in the CZTS literature where Sn-loss has been reported, e.g. see [61, 25 
118, 119, 121, 122].  The vapour pressure of liquid Sn is far too low to see direct 
evaporation of the element [123], but it is well known that the molecular Sn sulfides are 
volatile, with the decomposition series below leading to evaporation of SnS [124]: 
2SnS2(s)  Sn2S3(s) + ½S2(g)  2SnS(g) + ½S2(g)     R4.1 
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Weber et al studied the loss of SnS from CZTS films and multilayers of binary sulfides in 
detail using XRD and XRF with QCM measurements, and concluded that, aside from direct 
evaporation of SnS, there was also a decomposition pathway of CZTS [61]: 
Cu2ZnSnS4(s)  Cu2S(s) + ZnS(s) + SnS(g) + ½S2(g)     
and for the secondary Cu-Sn-S phases: 5 
2Cu2SnS3(s)  Cu4SnS4(s) + SnS(g) + ½S2(g)     
Cu4SnS4(s)  2Cu2S(s) + SnS(g) + ½S2(g)     
The rate of loss decreased in the order Cu2SnS3 > Cu4SnS4 > Cu2ZnSnS4. 
The possibility of the second quaternary phase Cu2ZnSn3S8 was not discussed, but 
we can infer that, since all the phases above lost Sn in measurable quantities with the 10 
most Sn-rich compounds decomposing the fastest, there is a similar reaction for this 
phase: 
Cu2ZnSn3S8(s)  Cu2ZnSnS4(s) + 2SnS(g) + S2(g)    
The evolution of three gas molecules would push this equilibrium to the right compared 
with the previous reactions. 15 
The loss of SnS is clearly exacerbated by the use of low pressures and higher 
reaction temperatures (>550°C).   It was proposed that the use of a background pressure 
of an inert gas during heat treatment would limit the problem, and it can also be inferred 
from the above reactions that maintaining a constant supply of S vapour will help to keep 
the equilibrium position towards the left [61]. 20 
 
4.2 The effects of precursor composition on film growth 
4.2.1 The effect of Cu-content on the growth of CuInSe2 and CuInS2 films. 
In the case of CuInSe2, the presence of an excess of Cu during film growth has significant 
effects on the properties of the absorber layer: in particular, much larger grains are seen 25 
in the Cu-rich case.  This is attributed to the presence of Cu-Se binary phases during film 
growth.  During co-evaporation of a CuInSe2 film, a liquid or quasi-liquid layer of CuSe 
coating the surface of growing CuInSe2 grains was proposed to enhance their growth by 
solubilising and transporting incoming In and Se to the surface of the grain [125]. In two-
R4.5 
R4.4 
R4.3 
R4.2 
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stage processes, where a precursor is heat-treated to recrystallise the desired material, 
the presence of excess Cu enhances the recrystallisation process [126].  Upon cooling, 
Cu2-xSe is found segregated at the film surface and at grain boundaries [125]. The case is 
similar for sulfide systems as well [127].  The presence of Cu2-xSe or Cu2-xS phases is very 
detrimental to the performance of the absorber layer, since they are degenerate 5 
semiconductors, but they may be removed by chemical etching in aqueous cyanide.  If the 
sulfurisation/selenisation conditions are well-chosen, then complete surface segregation 
of the phases may be achieved, in which case, after etching, highly efficient CuInS2 can be 
produced using metallic CuIn precursors with a 60% excess of Cu, see for example [30].  
An interesting point in this case is that the sulfurisation time required to produce high-10 
quality material is very short, only around 3 minutes.  This is in stark contrast to the 
sulfurisation procedures so far used for CZTS. 
4.2.2 Observed effects of Cu-content on the growth of CZTS films 
Although the chemistry of the Cu-Sn-Zn-S system should not be expected to be identical 
to the Cu-In-S system, the Cu-content of CZTS precursor layers also appears to have a 15 
rather dramatic influence on film characteristics. In terms of film morphology, a 
considerable increase in grain size has been observed in Cu-rich samples, i.e. those where 
Cu/(Zn+Sn) is greater than one [22, 65, 128, 129]. In one example, the grain size observed 
after a two-hour sulfurisation was eight times larger for a Cu/(Zn+Sn) ratio of 1.28 
compared with that for a ratio of 0.82 [128].   Clearly, such a large excess of Cu should 20 
result in secondary phases of Cu2S, as predicted by Olekseyuk et al [58], and indeed this 
was the case in all the examples just cited. Interestingly, Yoo and Kim saw Cu2S grains at 
the surfaces of stoichiometric films as well as Cu-rich ones, using XRD and Raman 
spectroscopy [130].  
 Despite the attractive morphological characteristics of Cu-rich CZTS films, devices 25 
have been poor or non-functional when Cu-rich or stoichiometric absorber layers were 
used [12, 28], although in those cases it was not mentioned whether or not KCN etching 
was employed.  With reference to the ternary phase diagram in Figure 3.5, we can see 
that there is only a relatively narrow region where Cu2S alone is present as a secondary 
phase. It may be the difficulty in avoiding Cu-Sn-S phases that has so far prevented this 30 
approach from working effectively.  
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Experimental 
Precursor preparation, sulfurisation and characterisation were described in Sections 3.7-
3.10. 
 Grain size estimates were obtained from SEM images. Several images were taken 
in different locations on each sample, using a magnification where the grains were clearly 5 
visible. A series of lines were drawn over each image, and the number of intersections 
between the lines and grain boundaries were counted. The average grain diameter is 
equal to the average distance between intersections, if the line intersects a large number 
of grains.  
A note on true pressure during sulfurisation 10 
Since the RTP system is filled to the desired pressure prior to heating, the actual pressure 
during sulfurisation becomes higher than the pressure specified in the sulfurisation 
recipe.  Changing the sulfurisation temperature also affects the actual pressure during the 
process. These effects must be quantified so that they can be accounted for in the 
following analysis. The left hand side of Figure 4.1 shows how the pressure inside the RTP 15 
varies during the sulfurisation process. The two pressure spikes between 0 and 220 s 
correspond to repeated purging and refilling of the chamber in preparation for 
sulfurisation.  At t = 220 s (point (a) in the figure) the chamber was filled to 500 mbar, and 
immediately afterwards the heating stage was initiated (as seen by the power spike).  
During the temperature ramp, the pressure increases rapidly. After the ramp, (marked (b) 20 
in the figure), the pressure continues to rise slowly as the furnace equilibrates (as the cold 
walls adopt a new equilibrium temperature) which appears to take about 8 minutes.  The 
evaporation of S will have negligible effect on the pressure in the reaction chamber, as it 
is present in relatively small quantities. 
The equilibrium pressure during sulfurisation as a function of the initial pressure 25 
(or set pressure) is shown on the right of Figure 4.1.   
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Figure 4.1. Left: output power and pressure profiles during the various stages of the sulfurisation process. 
The dashed vertical lines show (a) the filling of the chamber to 500 mbar (which takes about 10 seconds), 
and (b) the end of the temperature ramp.  Right: the maximum pressure reached during sulfurisation as a 
function of the initial pressure, at 560°C. 5 
 
The ideal gas laws would predict a slope of 2.7 based on a temperature rise from 
30°C to 560°C, and neglecting the change in the number of gas molecules as a 
consequence of the evaporation of 20mg of S.  A lower slope is observed, due to the fact 
that the temperature being measured is that of the susceptor in the centre of the 10 
furnace, while there is in fact a temperature gradient between the susceptor and the cold 
walls of the furnace.  For the same reason, the change in pressure due to using different 
anneal temperatures in the range 520-580°C was small, only around 5%.  
 In all discussions of sulfurisation pressure, the equilibrium/maximum pressure is 
quoted rather than the set pressure. The range of pressures available was determined by 15 
the specification of the RTP system.  The base pressure was around 4x10-2 mbar at room 
temperature.  The system is designed to operate at lower-than-atmospheric pressure: the 
pressure during sulfurisation was not allowed to rise above about 900 mbar because 
beyond that point the door seal tended to leak and samples became oxidised.   
 20 
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Results and discussion  
 
This discussion is separated into three main themes: the effects of pressure, time and 
precursor composition.  Within each theme, we pay attention to the aspects described in 
the introduction, i.e. phase formation, morphological features and element losses.  After 5 
the results for each variable have been shown, a general discussion on these three 
aspects will be undertaken. 
 
4.3 Effects of sulfurisation pressure 
Considerable differences in sample appearance and properties were observed when the 10 
background pressure during sulfurisation was varied.  ‘Background pressure’ in this 
context is the partial pressure of nitrogen introduced to the reaction chamber (which is 
then sealed) prior to the start of the thermal cycle.  As we will show, the background 
pressure has striking effects on post-sulfurisation composition, the rate of phase 
formation and grain size and orientation. 15 
4.3.1 The behaviour of elemental S in the sulfurisation process 
The background pressure is supplied by nitrogen, an inert gas. Since we do not expect the 
background atmosphere to have any direct role in the CZTS formation reactions, all the 
observed effects of background pressure must be due to its influence on other gas-phase 
processes, e.g. mass transport by diffusion or convection. The influence of background 20 
pressure on the propagation of S vapour throughout the reaction chamber will now be 
examined. 
The reaction chamber in the RTP system is sealed prior to heating, i.e. the system 
has a constant volume. Solid S, typically 20 mg, is loaded into a graphite susceptor, which 
is covered with a lid. The lid simply rests on the base plate; it is not fixed in place by any 25 
other means.  The internal volume of the susceptor is much smaller than the total 
chamber volume, 12 cm3 compared to approx. 1500 cm3.  The vapour pressure of S is very 
high at the temperatures used for CZTS growth, and this fact, coupled with the rapid rise 
in temperature, means that its evaporation will be essentially instantaneous.  The partial 
pressure of S2(g) inside the susceptor if it were sealed would rise to around 1800 mbar. 30 
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The susceptor lid weighs 12.4 g, with a cross-sectional internal area equal to 40 cm2, and 
therefore requires only an internal pressure 0.3 mbar above the background in order to 
lift it, at which point equilibration of the internal and external pressures would occur. In 
the equilibration process, a proportion of the internal atmosphere (including some S2(g) 
molecules) will exit the susceptor by convection, until the internal pressure has dropped 5 
to the point where the lid drops again and closes off the exit pathway.  These stages are 
illustrated in Figure 4.2. This entire process must occur very rapidly, so we can consider 
that it has finished by the time sulfurisation of the samples begins.  Therefore the partial 
pressure of S vapour around the samples during sulfurisation is lower than might be 
expected based on the quantity of material loaded into the susceptor. After pressure 10 
equilibration, the driving force for S2(g) transport out of the susceptor is much lower.  
There are no longer any pressure gradients to drive convection; there is no temperature 
gradient within the susceptor (due to its high thermal conductivity), S2 molecules can now 
only diffuse out of the susceptor – via four small exit holes with a combined area of 3 
mm2 – down the concentration gradient that is maintained by the cold walls of the 15 
reaction chamber. 
 
 
Figure 4.2. Stages in the evaporation of the S source: (a) evaporation of solid S and mixing with the 
internal atmosphere of the susceptor, (b) build-up of pressure inside the susceptor, (c) release of a 20 
proportion of the internal atmosphere to equalise pressure, and (d) the equilibrium situation with a 
lower internal partial pressure of S (g). 
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - 137 - 
Crucially, the partial pressure of S2(g) within the susceptor after the equilibration process 
will depend on the density of the surrounding atmosphere: if there is already a high 
background pressure, the relative change in pressure upon vaporisation of 20 mg of S is 
small, and there is only a small flow of gas out of the susceptor.  If there was a complete 
vacuum in the chamber, then, to achieve the same pressure everywhere, almost all the S 5 
would need to leave the susceptor and distribute itself throughout the chamber.  We can 
construct a simple model for the partial pressure of S vapour within the susceptor after 
equilibration, as a function of the background pressure in the reaction chamber.  The 
model is based on the following assumptions: 
(1) That vaporisation of S is rapid, and that S2(g) mixes completely with the inert gas 10 
inside the susceptor. 
(2) That there is then a release of gas from the interior of the susceptor to equalise 
the pressure inside and out. 
(3) That the remaining S inside the susceptor is gradually lost by diffusion alone, 
which occurs over a much longer timescale. 15 
When the reaction chamber is filled with nitrogen and sealed, nN moles of nitrogen are 
contained in the total volume VT. Before evaporation of S, the number of moles of gas 
molecules, nB, inside the susceptor of volume VB is given by: 
     Equation 4-1 
The number of moles of gas molecules outside the susceptor, nC, is given by: 20 
,    Equation 4-2 
where VC is the volume of the reaction chamber.  Note that we conserve the total volume 
and number of gas molecules: 
     Equation 4-3 
 25 
    Equation 4-4 
After the S has completely vaporised, the concentration of gas molecules inside the 
susceptor has risen by an amount nS: 
    Equation 4-5 
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The internal pressure is now greater than the external pressure.  This causes a fraction F 
of the gas molecules inside the susceptor to move out, after which the pressures are 
equal.  Then we have: 
 ,   Equation 4-6 
and: 5 
   Equation 4-7 
Now writing the internal and external pressures after equilibration explicitly, and making 
them equal, we have 
, 
Equation 4-8 10 
where R is the gas constant (8.314 JmolK-1) and T the sulfurisation temperature.  
Rearranging for F and making the following substitutions: 
,      Equation 4-9 
the partial pressure of S inside the susceptor if all the S had remained inside it, and 
,      Equation 4-10 15 
 the background pressure of nitrogen, we obtain: 
    Equation 4-11 
We can now calculate the partial pressure of S inside the susceptor after equilibration, 
PS,eqm: 
  20 
Equation 4-12 
This is the concentration of S molecules available for the sulfurisation reaction, and it is 
apparent that it depends on the background pressure.  We can analyse several limiting 
cases of this equation. Firstly, for the case where PN  0, the situation under high 
vacuum, the equation reduces to: 25 
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,     Equation 4-13 
which confirms that, in the absence of any other gas species, the partial pressure of S 
within the susceptor after equilibration is simply determined by the relative volumes of 
the susceptor and the reaction chamber.  This equation also shows that the partial 
pressure of S within the susceptor will tend to zero for a small susceptor within a very 5 
large chamber. Secondly, if we allow that we have a high background pressure compared 
to the pressure resulting in the susceptor after S evaporation (i.e. that PN >> PS,B), we 
obtain: 
     Equation 4-14 
This shows that for a very high background pressure and a small amount of S, almost no S 10 
is transported out of the susceptor.  Equation 4-12 is plotted in Figure 4.3, using the 
measured properties of the RTP system, VT = 1500 cm
3, VB = 12 cm
3 and for 20 mg of S. 
Also shown is the total pressure throughout the system after equilibration, PT. 
 
Figure 4.3. The modelled variation of S partial pressure within the susceptor as a function of the 15 
background pressure of nitrogen, for a constant initial quantity of solid S added to the susceptor.   
 
We can see that as the background pressure is decreased, less and less S vapour remains 
in the susceptor.  We can also calculate the minimum quantity of S vapour required to 
sulfurise a typical sample.  Based on the known passage of charge during 20 
electrodeposition along with the efficiency of each electrodeposition step, and assuming 
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2 S atoms for each Sn atom, 1 S atom for each Zn atom and 0.5 S atoms for each Cu atom, 
for a sample area of 1 cm2 we require 2 x 10-6 moles of S2(g) to just convert the sample.  
This is equivalent to a partial pressure inside the susceptor of about 10 mbar. The 
minimum partial pressure of S predicted by the model is 14.2 mbar in the limit PN  0; 
however, by no means will the entire quantity of S contained in the susceptor react with 5 
the sample – there are still losses by diffusion – so we require an excess.  The partial 
pressure of S2(g) corresponding to a 10-fold excess is also indicated in Figure 4.3. Where 
the actual partial pressure is below this, corresponding to a background pressure of 
around 100 mbar, incomplete conversion may be seen.   
We now turn our attention to the effects of altering the background pressure, 10 
which are assumed to arise primarily from the change in partial pressure of S vapour.  
4.3.2 The effect of sulfurisation pressure on the rate of sulfurisation 
An interesting effect of the background pressure is on the rate of emergence of sulfide 
phases.  Figure 4.4 (repeated from Chapter 3) and Figure 4.5 show the intensity of several 
key XRD peaks as a function of dwell time at 140 and 6 mbar respectively.  The sequence 15 
of phase emergence was discussed in Section 3.13, and is summarised below for 
reference: 
Cu5Zn8 + S  Cu2S + ZnS       
½S2(g) + Cu2S  2Cu2S + 2VCu       
Cu6Sn5 + 3VCu  Cu3Sn + Sn(l);  Cu3Sn + 3VCu  Sn(l)   20 
Cu2S + Sn + 2S + ZnS  Cu2ZnSnS4      
At 140 mbar, Figure 4.4, the sulfide phases are already visible at the very start of the 
dwell period and the precursor phases (except Sn) are consumed within 60 seconds.  By 
the end of the period covered here, the Σ(112) peak is still increasing and the Sn peak is 
dropping, showing that reactions R 4.6-R 4.8 above have finished and reaction R 4.9 is 25 
well under way.  
R 4.9 
R 4.8 
R 4.7 
R 4.6 
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Figure 4.4. XRD peak intensities as a function of sulfurisation time at 140 mbar. Other sulfurisation 
conditions: 500°C, 20 mg S. Precursor composition approx. 2:1:1 Cu:Zn:Sn. 
When the same experiment is performed at 6 mbar, Figure 4.5, the sulfide phases emerge 
more slowly – they are not seen until 10 seconds into the experiment – while the alloy 5 
precursor phases persist for much longer and in fact Cu3Sn is still not fully consumed after 
150s. The Σ(112) peak also seems to stop growing after 60 seconds, and the Sn peak 
hardly decreases, which may actually indicate that the sulfurisation reaction has stopped 
before it is complete. 
 10 
Figure 4.5. XRD peak intensities as a function of sulfurisation time at 6 mbar. Other sulfurisation 
conditions: 500°C, 20 mg S. Precursor composition approx. 2:1:1 Cu:Zn:Sn. 
 
This dependence of phase emergence on pressure (and therefore on the concentration of 
S vapour) tells us that the rate-determining process involves S vapour, which is consistent 15 
with the reaction sequences described above – the persistence of the Cu5Zn8 and Cu3Sn 
phases indicates that reactions R 4.6 - R 4.8 have slowed.  There is also evidence that the 
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reaction has stopped early at 6 mbar, which would indicate that all the S vapour in the 
susceptor had either been consumed or had left the zone around the samples before the 
reaction could complete, consistent with the predictions of 4.3.1. 
4.3.3 The effect of sulfurisation pressure on grain size 
Another feature that is dependent upon background pressure is the grain size, which is 5 
much larger at lower pressures and decreases rapidly as the pressure is increased. This 
can be seen in Figure 4.6 and Figure 4.7 (a).  Figure 4.7(b) shows the corresponding 
increase in XRD peak intensity at lower pressures, normalised to the Mo substrate peak. 
Larger grains give stronger signals since more of the film volume is occupied by ordered 
material, as opposed to disordered grain boundaries.  10 
 
 
Figure 4.6. Morphologies of CZTS films sulfurised at different background pressures of N2: (a) 30 mbar, (b) 
160 mbar, (c) 390 mbar and (d) 570 mbar. Sample composition: Cu/(Zn+Sn) ~ 0.85, Zn/Sn ~ 1. Other 15 
sulfurisation conditions: 580°C, 40 mins, 20 mg S. Samples were etched for 2 mins in 5wt% KCN. 
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Figure 4.7. (a) Average grain diameter for CZTS films as a function of background pressures of N2 during 
sulfurisation. (b) Overall intensity of diffraction peaks relative to the substrate signal (assumed constant). 
Sample composition: Cu/(Zn+Sn) ~ 0.85, Zn/Sn ~ 1. Other sulfurisation conditions: 580°C, 40 mins, 20 mg 
S.  5 
In Figure 4.6 (a) can also be seen the ‘scars’ left by etching of Cu-S phases. In the context 
of the model for grain growth proposed in the previous chapter, we suggest that the low 
partial pressure of S2(g) or loss of Zn prevented full conversion of the film to CZTS, leaving 
unconsumed Cu2S grains which caused these holes after etching. 
4.3.4 The influence of sulfurisation pressure on grain orientation 10 
The relative intensity of the diffraction peaks changed visibly between samples sulfurised 
with different background pressures. Figure 4.8 shows an expanded view of the closely 
spaced (312) and (116) peaks, where it can be seen that their intensities change in 
opposite senses. 
 15 
Figure 4.8. Change in preferred orientation seen in the closely spaced (312) and (116) peaks. The pressure 
decreases towards the top of the diagram. The (312), at 56.16°, decreases with pressure, while the (116), 
at 56.29°, grows. 
(a) (b) 
(116) 
(312) 
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Changes in relative peak intensities for a single phase polycrystalline sample indicate a 
degree of preferential orientation of the crystallites, which is also termed ‘texture’.  Thin 
films often exhibit preferred orientations, due to the aspect ratio of the sample compared 
to the grain size. The texture coefficients, Chkl, give the degree of enhancement of a 
particular set of hkl planes with respect to a reference sample (which is ideally randomly 5 
oriented) [131]: 
,   Equation 4-15 
where Ihkl is the peak intensity of the hkl plane of interest, Ir,hkl is the intensity of the 
same peak in the reference spectrum, and n is the number of hkl planes being 
considered.  The overall degree of preferred orientation, σ, is given by: 10 
     Equation 4-16 
σ is zero for a sample with the same (random) orientation of grains as the reference and 
increases as the degree of orientation increases.  Application of this method to the series 
of samples sulfurised with different background pressures showed that there was a trend 
towards preferential orientation along the [112] direction at lower pressures.  The results 15 
are shown in Figure 4.9. 
 
Figure 4.9. (a) Overall degree of preferred orientation as a function of sulfurisation pressure (n = 9), and 
(b) texture coefficients for selected diffracting planes showing the relative changes in ordering as a 
function of pressure. 20 
In the CZTS literature, orientation along the [112] direction is commonly reported; see for 
example [8, 111, 121, 122].  The change in the degree of orientation in this case was 
(a) (b) 
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relatively small: σ would be zero for a randomly oriented sample and could reach a 
maximum of about 2.8 for a sample with all grains oriented in the same direction. The 
minimum and maximum values seen here were 0.5 and 0.7 respectively. 
In principle the presence of ZnS could also cause the (112) peak to increase, 
distorting this analysis. However, if that were the case one would also expect the (200) 5 
peak to increase, but in fact it does the opposite. This shows that there is a real effect of 
pressure on grain orientation.  The origin of this effect is not clear, but it could be related 
to the larger grain sizes observed at lower pressures (which also merits an explanation; 
this will be discussed later in the chapter). The thickness of the CZTS film was about 1 μm, 
and the grain size approached and then exceeded the film thickness below 400 mbar. 10 
Note that the grain size estimate was made on the basis of a ‘plan view’ of the film; the 
grains may not necessarily have the same depth. In fact, their depth is limited to the film 
thickness, which means that only the grains which are oriented with their growth 
directions in the plane of the film can continue to grow once their diameter reaches 1 μm.   
4.3.5 The effect of sulfurisation pressure on composition 15 
The potential for losses of Zn 
As discussed in the background to this chapter, the evaporation of both elemental Zn and 
SnS has frequently been observed or suggested in the literature.  The main factors 
influencing the rate of evaporation are the temperature of the sample and the pressure 
of the surrounding atmosphere.  20 
Zn will evaporate in its elemental form, and Zn-loss is therefore expected to occur 
primarily from the precursor before it is fully converted to sulfide materials; once 
sulfurisation has finished, there are no volatile Zn-containing phases remaining.  Figure 
4.10 shows the potential for Zn-loss dramatically.  It shows a sample that was annealed 
using typical sulfurisation conditions, but without using S.  The composition of the film 25 
before and after annealing is shown in Table 4.II. After the heating cycle, there has been 
almost total loss of Zn, accompanied by melting of the remaining material and de-wetting 
from the substrate.  There is also some loss of Sn, but not to such an extent. XRD showed 
Cu3Sn (with very high intensity, suggesting re-crystallisation from a molten phase) and 
Cu6Sn5.  It should be noted that the background pressure was 710 mbar, compared to the 30 
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vapour pressure of Zn at this temperature of approx. 10 mbar [42], but the anneal time 
was sufficient to allow complete evaporation. 
 
Figure 4.10 De-wetting of Cu-Sn-Cu-Zn film from substrate after heating to 580°C for 60 minutes at 710 
mbar (a typical sulfurisation program), in the absence of S. 5 
 
 Cu at% Sn at% Zn at% 
Before anneal (precursor) 45.1 27.8 27.1 
After anneal 68.8 30.6 0.6 
Table 4.II. Composition of sample before and after heating to 580°C for 60 minutes at 710 mbar (typical 
sulfurisation program), without S. 
 
The window of opportunity for Zn-loss will normally be very short in the rapid 10 
thermal process employed herein, but the fact that Zn forms the top layer of the 
precursor and that even the alloyed precursors show Zn-rich surfaces (see Section 3.11.4, 
Chapter 3) means that the potential for Zn loss is present. When using the precursor 
configuration Cu/Sn/Cu/Zn, rapid heating will clearly be beneficial in reducing Zn-loss. 
Losses of Sn 15 
Figure 4.11 shows the effect of background pressure upon the Zn/Sn ratio of some CZTS 
films as a function of sulfurisation time at 550°C. The initial compositions of the 
precursors were identical, with Zn/Sn = 1.0.  When working at lower pressures, there is a 
dramatic and accelerating loss of Sn beginning after about 10 minutes and after 60 
minutes only about 30% of the initial quantity remains.   20 
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Figure 4.11. Effect of sulfurisation pressure on sample composition, determined by EDS.  
 
A series of identical samples were sulfurised at different pressures for a fixed time 
period, and their compositions are shown in Figure 4.12. The effects of both Sn and Zn 5 
loss can be seen here.  At the highest pressure, the Zn/Sn ratio is the same as that of the 
precursor.  As the pressure is reduced, the Zn/Sn ratio initially increases due to 
evaporation of SnS, but at the lowest pressure, it drops sharply, which is attributed to 
evaporation of Zn in the initial stages of the thermal program.  The Cu/(Zn+Sn) and S/M 
ratios did not change independently of Zn/Sn – i.e. the amount of S incorporated was 10 
constant and no Cu was lost, as would be expected. 
  
Figure 4.12. Composition as a function of background pressure for samples sulfurised at 580oC for 40 
mins.  Composition before sulfurisation (indicated with dotted line): Zn/Sn = 0.98. 
 15 
  
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 148 - 
4.4  The effects of sulfurisation time 
4.4.1 The residence time of S vapour 
It was seen in Chapter 3 that after five minutes at 500-550°C, sulfurisation was complete 
and the CZTS phase had formed.  However, given that in the literature much longer 
sulfurisation times are commonly used, we now turn our attention to changes occurring 5 
when the anneal duration is extended beyond this 5 minute period.  The first question is 
how long S vapour actually remains in the hot zone, and therefore at what stage we can 
consider the role of S vapour to be over.  This can be investigated quite directly by looking 
at the prevalence of different Cu-S phases. Cu2-xS (chalcocite, digenite, anilite) is the 
higher temperature phase, and if it is cooled in the presence of S vapour, it will convert to 10 
CuS (covellite). Cu-rich films, as we have seen, retain Cu-S grains on their surfaces after 
sulfurisation. By looking at the particular phases present after cooling, we can tell 
whether S vapour was still around the samples at the time of cooling. Figure 4.13 shows 
the XRD spectrum of a CZTS film sulfurised for five minutes before cooling.  Several peaks 
assignable to the higher-temperature phase Cu1.8S are visible, and as expected, they 15 
disappear upon KCN etching.  Figure 4.14 shows an identical sample that was sulfurised 
for 60 seconds.  This spectrum shows the lower-temperature phase CuS (again removed 
by etching).   
 
Figure 4.13. XRD spectra of a Cu-rich film sulfurised for five minutes, before and after etching. Peaks 20 
marked ‘a’ closely match Cu1.8S (Note that the variability in composition of this phase means the peak 
positions can vary).  
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Figure 4.14. XRD spectra of a Cu-rich film sulfurised for 60 seconds, before and after etching. Peaks 
marked ‘b’ match CuS. 
These two figures tell us that the S vapour concentration had dropped within 5 minutes, 
to the point where the surface-dwelling Cu1.8S phases can no longer convert to CuS on 5 
cooling.  However, we have already seen that the CZTS formation reactions are over 
within this time, so in principle S vapour is no longer needed anyway.  In terms of longer 
annealing times therefore, the only roles that S vapour could serve would be (a) to 
maintain sulfide phases in the case that some oxygen is present which attacks the film 
surface, or (b) to suppress any equilibria that lead to release of S vapour from the film, 10 
e.g. the loss of Sn as discussed above.   We must also consider other changes that could 
occur in the film simply due to heating in the absence of S vapour. 
 
Figure 4.15. Raman spectra for films sulfurised for (a) 5 minutes and (b) 30 minutes.  All peaks are 
assignable to CZTS and Cu2S.  Precursor composition approx. 2:1:1 Cu:Zn:Sn. 15 
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The structure of the Raman spectrum does not change when the annealing time is 
extended from 5 minutes to 30 minutes, although the peak intensity does increase, which 
may indicate an improvement in crystallinity (see Figure 4.15).  In agreement with the 
Raman data, the XRD spectra show no change in the phase composition.  For samples 
sulfurised at 600oC at a pressure of 710 mbar for durations between 60s and 3 hours, 5 
there were no changes in peak intensity. 
 
4.4.2 Grain growth at longer anneal times 
One feature that changes visibly over a long time frame is the average grain diameter of 
the CZTS films.  Some SEM images of films sulfurised for different times are shown in 10 
Figure 4.16.  The increase in grain diameter is a very slow process relative to the rate of 
sulfur incorporation and phase formation. 
 
Figure 4.16. Morphology at increasing sulfurisation times: (a) 15 minutes, (b) 35 minutes, (c) 62 minutes, 15 
(d) 150 minutes. Sulfurisation conditions: 580oC, 710 mbar N2, 20 mg S. Composition: Cu/(Zn+Sn) ~ 0.85, 
Zn/Sn ~ 1. 
Studies of Cu2ZnSnS4 films prepared by sulfurisation of electrodeposited precursors 
 - 151 - 
Figure 4.17 shows the average grain diameter as a function of sulfurisation time for a 
number of samples.  There is a large spread to the data, making it difficult to fit a model 
for grain growth.  The scatter may be due to compositional variations in the precursors 
leading to different growth rates, as well as variations in morphology over the surface of 
one sample. Several images were taken from each sample to help reduce this error.   5 
 
Figure 4.17. Variation of average grain diameter as a function of sulfurisation time, for two sets of 
samples.  Diameters were estimated by counting grain boundary intersections with a series of lines 
placed over the SEM images.   
From the plot, we are able to say that (a) immediately after crystallisation of the CZTS 10 
phase, the grain diameter is approx. 0.3 μm, (b) the initial rate of grain size increase is 
approx. 8x10-5 μms-1 and (c) the maximum grain size observed under these conditions is 
about 0.55 μm.   
4.4.3 Element losses during sulfurisation 
Even when working at relatively high pressures, Sn-loss is seen to occur.  The variation in 15 
Sn percentage as a function of sulfurisation time is shown in Figure 4.18 for a sample 
sulfurised at 750 mbar.  It initially drops rapidly but converges to a steady value rather 
than continuing to decrease as was seen at lower pressures (see Section 4.3.5).  The 
sample in the figure was in the Cu-poor region of the ternary phase diagram. According to 
the diagram, the secondary phases present should be ZnS and Cu2ZnSn3S8. Unfortunately 20 
there is no XRD or Raman evidence for the particular Sn-containing phase that is lost.  
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Figure 4.18. Variation in Sn content as a function of sulfurisation time for samples sulfurised at 560°C at a 
background pressure of 750 mbar.  
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4.5 The effects of changing Cu-content 
4.5.1 Experimental approach for compositional measurements 
To draw conclusions about sample properties based on precursor composition, we should 
ideally measure the composition of each sample before and after sulfurisation; however, 
this can be problematic because the sample could become contaminated during the 5 
measurement.  To get around this issue, each electrodeposited precursor (approx. film 
dimensions 18 x 20 mm) was cut into quarters (about 9 x 10 mm), providing four 
nominally identical samples.  One quarter was used to measure the precursor 
composition, and the other three were sulfurised. It was shown in Chapter 2 that the 
composition is relatively uniform over the central portion of the film, so this approach 10 
should give reliable data. 
4.5.2 Precursor compositions for the study of Cu-content 
A series of precursors was designed having a variable Cu-content but a fixed ratio of Zn 
and Sn (Zn/Sn = 1.05), using the approach described in Chapter 2.  The thickness of the 
final films was set to 1μm in the calculation of deposition charges. The series of samples 15 
was intended to span the Cu-rich, stoichiometric and Cu-poor regions of the ternary 
phase diagram, while avoiding the Zn-poor or Sn-poor regions. After electrodeposition, 
the precursors were divided into quarters.  One quarter of each sample was heated at 
270°C for three minutes to alloy the metal layers and homogenise the composition as a 
function of depth. The compositions of the precursors were measured using EDS, and are 20 
shown in Figure 4.19. The Cu-content of the precursors mainly agreed with the intended 
values, except for the samples with the lowest and highest Cu-contents.  There is a slight 
deviation from the line where Zn/Sn is constant, particularly at higher amounts of Cu, 
which may be due to changes in the deposition efficiency of Zn or Sn when the amount of 
charge deposited is decreased, or a failure of the precursor layers to mix completely upon 25 
heat treatment.  The samples that were intended to fall into the Cu-rich region have 
instead entered the Sn-poor region, so we can expect ZnS as well as Cu2S to form during 
sulfurisation. Despite these problems, the sample set does show a large variation in Cu-
content whilst the Zn/Sn ratio stays almost constant, therefore proving suitable for 
studying the effects of changing Cu-content alone.  Since the primary variable here is the 30 
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amount of Cu, we may use the compositional ratio Cu/(Sn+Zn) as an axis against which to 
plot measured data.  
 
 
Figure 4.19. Compositions of precursors in the Cu-content series (filled circles), determined by EDS, and 5 
the values predicted from electrodeposited charges (open circles).  
 
4.5.3 Compositions and phase structure of sulfurised samples 
A further quarter of each sample was sulfurised for 30 minutes at 580°C, with 20 mg of S 
and a background N2 pressure of 700 mbar.  The compositions of the sulfurised samples 10 
were measured, and the results are shown in Figure 4.20.  It is clear that there are 
compositional changes during sulfurisation when compared to the precursor 
compositions.  The most Cu-rich samples have lost some Zn, moving into the Zn-poor side 
of the phase diagram.  Based on the ternary phase diagram, we can expect the formation 
of Cu2S for the most Cu-rich sample, Cu4SnS4 for the next most Cu-rich sample and 15 
Cu2SnS3 for the samples that were initially within the single-phase region.  By contrast, 
the most Cu-poor sample appears to have lost Sn. We will return to the matter of 
element losses during sulfurisation shortly. 
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Figure 4.20. Compositions of the samples after sulfurisation (filled circles), and the precursor 
compositions (empty circles), measured by EDS. Arrows indicate the related pairs of samples. 
X-ray diffraction spectra for sulfurised films with different Cu/(Zn+Sn) ratios are shown in 
Figure 4.21. The compositions of the samples on the ternary phase diagram are shown in 5 
Figure 4.23.    
 
Figure 4.21. X-ray diffractograms for selected samples in the Cu-content series. Cu/(Zn+Sn) ratios: (a) 
0.75, (b) 0.83, (c) 1.04, (d) 1.23. 
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Despite the large variation in Cu-content of these films, there is very little difference 
between the spectra.  This would in fact be expected, since the possible secondary phases 
all have very similar peak positions to CZTS.  All the peaks are assignable to CZTS or Mo 
with the exception of a small peak at about 39.2°, which is seen in the most Cu-rich 5 
sample and could correspond to Cu2S – this is supported by the fact that upon etching this 
peak decteases considerably, as shown on the left side of Figure 4.22. Another slight 
difference is that the closely-spaced (312) and (116) peaks become better resolved at 
higher Cu-content, although the spacing remains constant (see Figure 4.22, right hand 
side).  There are no significant changes in peak intensity or orientation in this series. 10 
 
 
Figure 4.22. Left: expansion of the peak at 39.2°, tentatively assigned to Cu2S, showing its removal upon 
etching with aqueous KCN. Right: expansion of the peak at around 56° from Figure 4.21, showing the 
increasing resolution of the (316)/(116) peaks at higher Cu-content. Cu/(Zn+Sn) ratios: (a) 0.75, (b) 0.83, 15 
(c) 1.04, (d) 1.23. 
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Figure 4.23. Compositions of the samples used for X-ray diffraction in Figure 4.21. 
4.5.4 The effects of KCN etching on samples with variable Cu-content 
Sections of the samples sulfurised in the previous section were etched for two minutes in 
5wt% aqueous KCN.  The compositions of the etched samples were then measured and 5 
are shown compared to the unetched compositions in Figure 4.24.   
 
Figure 4.24. Compositions of the samples after etching (filled circles) and after sulfurisation (open circles). 
The dashed line represents a coordinate of constant Zn/Sn ratio (0.85) upon which many of the samples 
lie prior to etching. The compositional changes are shown explicitly in Figure 4.25, where this line is used 10 
as a composition axis. 
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There is a clear effect of etching, which is to reduce the Cu-content of the samples. This 
can be seen explicitly in Figure 4.25(a) and (b).  It is apparent that there was no removal 
of Cu from the samples that were in the Cu-poor or Sn-rich zones on the ternary phase 
diagram – these lie on the diagonal dashed line in the figure.  However for the samples in 
the Cu-rich zones, the loss of Cu was significant, and sufficient in all cases to bring the 5 
sample back into the Cu-poor or Sn-rich region of the phase diagram. 
 
 
Figure 4.25. Both figures: Cu/(Zn+Sn) ratios before and after etching. The dashed line indicates where 
there is no change in the ratio. The dotted vertical lines in (a) indicate the positions of the tie-lines in the 10 
ternary phase diagram, and refer to the x-axis (i.e. the composition before etching). The dotted horizontal 
lines in (b) indicate the positions of two tie-lines in the ternary phase diagram, and refer to the y-axis (the 
composition after etching). 
 
In every case, all Cu over and above that which was contained within the CZTS or 15 
Cu2ZnSn3S8 phases was removed by etching. However, according to the phase diagram, 
Cu2S itself was only present in the two most Cu-rich samples. The excess Cu in the other 
samples should have been incorporated in Cu2SnS3 and/or Cu4SnS4. The implication 
therefore is that the ternary Cu-Sn-S phases too are susceptible to etching by KCN.   
 The loss of Cu-Sn-S phases cannot be detected by XRD as was the case for Cu2S 20 
(Figure 4.22), but an analysis of the Sn-content provides some evidence.  The fraction of 
Sn remaining after etching was calculated on the basis that the Zn-content did not change 
(i.e. that ZnS is not etched). The results are shown in Figure 4.26.  The figure suggests that 
Sn loss is greatest where the most Sn-rich secondary phase, Cu2SnS3, is formed.  Further 
investigations are required to clarify this point; the Sn-excess is small since the samples 25 
(a) (b) 
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are only just within the Sn-rich region at 400C°, and changes in Sn-content are 
comparable to the errors in compositional analysis. The loss of Sn from CZTS films after 
etching was tentatively suggested in reference [121], although the authors assumed it 
was lost in the form of SnS2. 
 5 
Figure 4.26. Fraction of Sn content remaining after etching, for samples originally in the Sn-rich region 
lying on the dashed line in Figure 4.24. 
 
SEM imaging shows the presence of large grains of a different material, presumably Cu-S 
or Cu-Sn-S phases, at the CZTS surface. The density of coverage by these grains increases 10 
as the Cu-content is increased, as seen in Figure 4.27(a), (c) and (e). The grains are 
removed upon etching in KCN, leaving hollow ‘scars’, which shows that the grains were 
partially submersed in the film.     
 
 15 
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Figure 4.27. SEM images of samples in the Cu-content series, before (a, c, e) and after (b, d, f) etching.  
 5 
4.5.5 The effect of Cu content on grain size 
One aspect that shows considerable variation as a function of Cu-content is the average 
grain diameter, which is displayed in Figure 4.28.  There is a four-fold increase in grain 
diameter as the Cu/(Zn+Sn) ratio is increased from 0.7 to 1.5. More specifically, the 
smallest grains were observed in samples which had compositions in the Cu-poor phase 10 
field, intermediate sizes were found for those that had Cu-Sn-S secondary phases, and the 
Etching 
Etching 
Etching 
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largest grains were found when Cu2S itself was present (according to the phase diagram, 
and confirmed by XRD measurements). This increase in grain size can explain the 
improved resolution in the XRD spectra at higher Cu-content.  These results are consistent 
with the effects of Cu content observed elsewhere in the CZTS literature [22, 65, 128, 
129], and suggest a possible analogy to the growth mechanism of CuInSe2/CuInS2 under 5 
Cu-rich conditions [125, 126].  
 
Figure 4.28. Average grain diameter for the Cu-content series, estimated from counting the intersections 
of grain boundaries with a series of lines placed over the SEM images.  
 10 
4.6 Some effects of the Zn/Sn ratio 
A dedicated study of the effect of changing the Zn or Sn content of the samples was not 
carried out in this work, but some morphological observations have been made which are 
relevant to this discussion. Despite efforts to produce highly uniform precursors, there is 
evidence of compositional variation on a microscopic scale in the sulfurised films.  Figure 15 
4.29(a) shows an image of a film sulfurised at 580°C for 30 minutes. The film looks 
relatively uniform, and the composition of this area of the film, shown on the ternary 
phase diagram in Figure 4.30, is close to the single-phase region for CZTS (at 400°C).  
Figure 4.29(b) shows a different area of the same sample, and here there are clearly 
several different morphologies.  This region of the sample, labelled (b) on the phase 20 
diagram, is much richer in Zn.  Figure 4.29(c) shows an EDS map of the same region, 
coloured to represent the elements: Cu (red), Zn (green) and Sn (blue).  The purple areas 
in the map contain all three elements (and S, which was uniformly distributed), and are 
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therefore assigned to CZTS.  The green areas of the image appear to contain only Zn (and 
S), and are assigned to ZnS.  This image therefore provides a visualisation of two of the 
phases predicted by the ternary phase diagram, which cannot be resolved by X-ray 
diffraction. It is apparent that uniformity in morphology is related to uniformity in 
composition, and the composition can vary considerably on the microscopic scale.  The 5 
observed phase separation may be due to small-scale compositional non-uniformities in 
the precursor, or may arise during alloying or phase formation. 
 
     
 10 
Figure 4.29. (a), (b) SEM images of two 
different areas of a single CZTS film 
showing different morphology and 
composition.  The relationship between 
morphological and compositional 
uniformity is apparent. (c) EDS map 
(colour) of the region shown in (b), where 
Cu is coloured red, Zn green and Sn blue. 
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Figure 4.30. Compositions of the sample areas shown in Figure 4.29. 
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4.7 Modifications to the growth model for deviations from stoichiometry 
Based on observations of the morphology of Zn-poor and Zn-rich films, and the expected 
secondary phases according to the ternary phase diagram, Figure 4.31 shows some 
modifications to the film formation model described in Chapter 3 for non-stoichiometric 
compositions.  5 
 
Figure 4.31. Schematic illustrations of film formation in Zn-rich (left-hand side) and Zn-poor (right-hand 
side) films. See text for explanation. 
On the left-hand side is shown a Zn-rich sample. As previously, ZnS and Cu-S are formed 
at the top of the film, while Sn(l) is formed at the back of the film (a). The emergence of 10 
ternary and quaternary phases must occur where the three are in mutual contact (b). The 
growth of these phases continues until all Cu-S and Sn phases have been consumed, 
leaving the excess ZnS at the surface in ‘pools’, (c), as seen in the SE  images (e.g. Figure 
4.29).  On the right-hand side of the figure is shown the Zn-poor scenario. The same 
growth pattern as before, (a), would now consume all the ZnS material, leaving behind 15 
partially consumed Cu-Sn-S grains buried in the film (b). If these grains are at the surface 
they will be removed upon etching, (c), leaving hollow ‘scars’, as seen for example in 
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Figure 4.27.  Otherwise the Cu-Sn-S grains may remain buried within the film. Particularly 
large grains could extend through the depth of the film, creating pinholes after etching. 
Cu and Zn-rich surface layers have also been observed in CZTS films elsewhere [18, 61]. 
 
 5 
4.8 Analysis of element losses during sulfurisation 
4.8.1 Initial observations on Sn-loss 
A study of the vapour pressures of Sn-S phases by Piacente et al showed that the actual 
evaporating species responsible for the loss of Sn, SnS(g), is in turn the decomposition 
product of the S-rich solid Sn-sulfides, which occurs via the loss of S2(g), as below [124]: 10 
2SnS2(s)  Sn2S3(s) + ½S2(g)  2SnS(g) + ½S2(g)    
 
This reaction suggests that if any of the Sn-S phases are formed, there is a pathway for 
the loss of Sn. The rate of loss will be accelerated at lower pressures and in the absence of 
S2(g) or other S sources, e.g. H2S. In all cases investigated here, Sn-loss was seen to occur 15 
during sulfurisation, not only at particularly low pressures but also at pressures close to 
atmospheric. However, in each case the behaviour was different.  We can distinguish two 
patterns of loss for different pressure regimes.  At lower pressure (< 100 mbar), the loss 
was initially slow, but its rate rapidly increased, and by the time the experiment 
concerned was ended, around 70% of the original Sn had been lost.  When pressures 20 
above around 100 mbar were used, the loss was much more modest, and depended more 
upon the initial composition of the sample. In one particular example, when the atomic 
percentage of Sn was greater than around 27%, there was a rapid initial loss, but the rate 
of loss decayed until the Sn content reached a steady value. If the initial Sn percentage 
was less than 27%, then no loss was seen.  Both trends are repeated in Figure 4.32. 25 
R4.10 
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Figure 4.32. Atomic percentage of Sn, determined by EDS, as a function of sulfurisation time, background 
pressure and initial Sn content. Sulfurisation temperature was 550-580°C in each case, and Cu/(Zn+Sn) 
ratio approx. 0.85. (a) the time-resolved loss of Sn from a stoichiometric sample at 1 and 100 mbar; (b) 
the convergence of Sn-content from initially Sn-rich and Sn-poor precursors at 700 mbar – Sn loss occurs 5 
only from Sn-rich samples. 
 The explanation for these observations is relatively straightforward: in the first 
case, at lower pressures, a bulk decomposition process must be occurring in order for 
such large amounts of Sn to be lost.  This implies the reaction scheme suggested by 
Weber et al[61]:  10 
Cu2ZnSnS4(s)  Cu2S(s) + ZnS(s) + SnS(g) + ½S2(g)    
 
This reaction will clearly be accelerated by low pressures and the absence of S2(g). The 
accelerating rate of Sn loss shown in Figure 4.32(a) makes sense since the film’s surface 
area will increase as it decomposes.  15 
In the second case, at higher pressures, we have a small, finite loss of Sn from Sn-
rich samples, and no loss at all from Sn-poor samples.  This can only be due to the 
evaporation of a secondary phase, present in small quantities, which proceeds to 
completion such that Sn-content reaches a steady value.  Although there is no direct 
evidence for any Sn-containing secondary phase, the phase diagram indicates that 20 
Cu2ZnSn3S8 should be formed in the Sn-rich region, and it may be this phase that is 
removed during sulfurisation at higher pressures, as for example: 
Cu2ZnSn3S8(s)  Cu2ZnSnS4(s) + 2SnS(g) + S2(g)    
or,       Cu2ZnSn3S8(s)  Cu2ZnSnS4(s) + 2SnS2(s)   2SnS(g) + S2(g)  R4.13 
R4.12 
R4.11 
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It should be noted that during the growth of the CZTS phase under RTP conditions, Sn was 
initially buried underneath Cu2S and ZnS layers, and did not react directly with S – there 
was clear evidence for this in Chapter 3.  Therefore the only route available for loss of Sn 
is by decomposition of higher phases.  It does not need to be pointed out that the 5 
decomposition of CZTS (R4.11) is highly undesirable; however the evaporation of 
secondary phases (R4.12) possibly acts as a convenient composition-regulating 
mechanism. The extent of loss of secondary phases will be discussed in more detail 
below.  The above data show that we can fairly easily avoid CZTS decomposition by using 
a background pressure of inert gas above around 100 mbar, but that the loss of certain 10 
secondary phases apparently occurs readily even close to atmospheric pressure. 
4.8.2 The effect of element loss on the distribution of sample compositions  
In this section, the compositional changes occurring in a series of 22 samples, which all 
experienced the same sulfurisation and etching conditions, are analysed in an attempt to 
uncover some underlying trends. The background pressure was kept at around 700 mbar 15 
to avoid decomposition of CZTS; however, as we have seen, Sn loss can still occur by 
decomposition of secondary phases. The pattern of compositions that develops as a 
consequence of losses during sulfurisation is rather interesting. 
The distribution of precursor compositions 
Figure 4.33 shows the precursor compositions for the set of samples under discussion, 20 
and it can be seen that there is a rather large spread over the phase diagram, with 
samples extending into most of the compositional zones defined.  These samples were 
prepared at different stages in the investigation, for different purposes, and were later 
collated in this analysis because they all had the same sulfurisation conditions. 
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Figure 4.33. Collected precursor compositions for 22 samples prepared over several different periods of 
this investigation, which were all then sulfurised using the same conditions. 
 
Compositions after sulfurisation 5 
Despite the wide spread of precursor compositions, the compositions after sulfurisation, 
as in Figure 4.34, show the emergence of a clear pattern.  Every sample that began in the 
Cu-poor region, shown by filled symbols, has moved onto the line indicated in the figure. 
The direction of movement – away from the Sn corner – indicates that this has occurred 
via a loss of Sn. The other samples, indicated by open symbols, have shifted away from 10 
the Zn corner of the diagram into the Zn-poor region. This must occur by a loss of Zn in 
the initial stages of heating (ZnS loss is not anticipated).  In that case, the same loss of Zn 
must occur from all samples, since before sulfurisation they are all chemically equivalent, 
but for the samples in the Cu-poor region Sn-loss is more significant.  Whether or not Sn-
loss occurs apparently depends upon the nature of the secondary phase(s) present, as 15 
was hinted at in Figure 4.32.  Where the samples were Zn-poor, the secondary phases are 
Cu-Sn-S. These could decompose in a similar manner to CZTS, releasing SnS(g) [61], but, 
like the decomposition of CZTS, that does not seem to occur at the pressures used here. 
Only samples in the Cu-poor region lose Sn, and according to the phase diagram the 
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secondary phase here is Cu2ZnSn3S8. Therefore this phase must be rather unstable to 
thermal decomposition.  
 
Figure 4.34. Compositions of the samples after sulfurisation. Filled symbols: samples that had precursor 
compositions in the Cu-poor region. The remainder of sample are shown by the open symbols.  5 
 
Compositions after etching 
After etching, the distribution is even narrower, with essentially all of the samples now 
lying on the same straight line – see Figure 4.35.  This tightly spaced distribution is 
remarkable considering the wide spread in precursor compositions – the combined 10 
processes of sulfurisation and etching with their associated losses of certain elements 
have left material with a rather well-defined range of compositions.  We can rationalise 
the placement of the samples on the ternary phase diagram by noting that they are 
precisely aligned with the tie-line between the CZTS and ZnS phases. This phase diagram 
was derived for the situation at 400°C.  It is perfectly possible that at 580°C the 15 
compositional regions have expanded, due to an increase in the entropic component of 
the free energy of mixing at higher temperature. This would mean that the positions of 
the samples are in fact defining the position of the tie-line at 580°C.   
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Figure 4.35. Compositions of the samples after etching. 
The mechanism by which the samples transfer onto this line is explained by the proposed 
decomposition of Cu2ZnSn3S8, as mentioned above (R4.12).  If this process continues until 
all of the Cu2ZnSn3S8 phase has been consumed, which fits the decay pattern of Sn 5 
content as a function of time (Figure 4.32), then the samples must by definition lie on the 
CZTS-ZnS tie-line, and will contain only those two phases.  The data presented here 
provide some validation for the use of the ternary phase diagram given by Olekseyuk et al 
[58] under the conditions of thin film growth.   
 There is one further point to make about these data which is that even the 10 
samples that were initially in the Zn-poor region – those that had Cu-Sn-S secondary 
phases – came onto the same line after etching, although some of these samples ended 
up in the Sn-rich region.  In theory, if Cu-Sn-S phases were the only ones present aside 
from CZTS, the compositions should have hit the single-phase field based on loss of Cu 
and Sn during etching.  This indicates that there was early separation of the film into a Cu-15 
rich surface, which adopted the composition of the secondary phases, and an underlying 
Sn-rich layer.  This is in agreement with the model for phase formation outlined in Section 
3.13.   
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In this investigation it was not actually possible to prepare a Sn-rich CZTS sample: 
as was just seen, Sn loss during sulfurisation always proceeded until whichever phase 
bore the excess Sn had been removed.  This is in contrast to films produced elsewhere in 
the literature – several examples of Sn-rich films can be found (which, incidentally, gave 
low device efficiencies [12, 109]). This fact can be attributed to the different sulfurisation 5 
method used. In both of those examples, the samples were sulfurised with a continuous 
supply of H2S. Here, the residence time of S vapour was short, around 5 minutes, and 
after that time the samples were effectively being annealed in an inert atmosphere. The 
Sn-loss pathways described above should all be accelerated by the absence of S or H2S. 
Sn-loss by decomposition of secondary phases will only be a useful tool for compositional 10 
adjustment if the S source is removed for continued sulfurisation, otherwise the 
secondary phases will remain.  In general however, it is probably best to avoid formation 
of secondary Sn-containing phases in the first place by choosing an appropriate precursor 
composition. 
 Finally, we must note that there is no direct evidence for the phase Cu2ZnSn3S8 in 15 
this investigation. However, there is also no evidence for SnS2. This is due to the general 
difficulty in assigning small quantities of secondary phases in polycrystalline thin films 
(see Section 3.3). The fact remains, however, that Sn loss is clearly occurring, and in the 
above arguments the two phases are more or less interchangeable without affecting the 
outcome.  If it is indeed the case that Cu2ZnSn3S8 is present and is responsible for the loss 20 
of Sn, it is clearly a rather unstable phase with respect to decomposition into CZTS and 
SnS(g). The question then arises as to why it was present in the phase diagram at all.  This 
is likely to be due to the differences in sample synthesis, with loss from the bulk samples 
synthesised in preparation of the phase diagram perhaps being kinetically limited as 
compared to loss from thin films.   25 
4.9 Observations on grain size trends 
One aspect of film development that was very susceptible to the modification of 
sulfurisation conditions and sample composition was the average grain diameter of the 
CZTS phase. This was found to be larger at lower pressures, longer sulfurisation times and 
for higher Cu-content.  While the large improvement in grain size in films with high Cu-30 
content is consistent with the CuInSe2 and CZTS literature, which suggests a fundamental 
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change in growth mechanism, the increase in size with time was rather slow, and the 
increase at low pressures difficult to account for.  The driving forces for grain growth are 
relatively weak, and include the relief of strain, the reduction of surface energy by 
decreasing grain boundary area, and temperature gradients (only the former two being 
relevant here).  On this basis it is difficult to see why the background pressure should 5 
affect grain growth.  However, we have just seen the role that sulfurisation pressure and 
time played in compositional modification, which perhaps provides additional insight.  In 
Figure 4.36 the average grain diameters are plotted as a function of composition along 
two sections of the ternary phase diagram, which are indicated in Figure 4.37. The left-
hand side of the diagram contains the samples investigated in the sulfurisation time and 10 
pressure series (Sections 4.3 and 4.4), and the right-hand side shows those in the Cu-
content series (Section 4.5). The vertical lines indicate the approximate positions of the 
tie lines in the phase diagram along these sections.   
 
 15 
Figure 4.36. Collected grain size data for samples in Sections 1.4 – 1.6 of this Chapter, plotted along two 
sections of the ternary phase diagram that intersect at the CZTS-Cu2ZnSn3S8 two-phase field. The 
compositions are those of the sulfurised, unetched samples – i.e. the compositions during growth. 
It is apparent from Figure 4.36 that the smallest grains are seen for samples within the 
CZTS-ZnS-Cu2ZnSn3S8 three-phase field. Towards the CZTS-ZnS two phase field, defined by 20 
the tie line derived in Section 4.8.2, the grain size increases. The pattern here is the same 
for both the pressure and time series of samples, which suggests that these variables are 
indirectly controlling grain growth through their effects on composition: at lower 
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pressures and longer sulfurisation times, the compositions move towards the CZTS-ZnS tie 
line due to the decomposition of Cu2ZnSn3S8. 
 
Figure 4.37. Ternary phase diagram showing the lines of constant composition along which grain 
diameters are plotted in Figure 4.36. Section A indicates a changing Sn-content in the Cu-poor region, 5 
section B indicates a changing Cu-content in the Zn-poor region.  The short-dashed line indicates the 
location of the edge of the CZTS-ZnS two-phase field found in Section 4.8.2. 
There is a well-understood mechanism for the disruption of grain growth by secondary 
phase particles, known as Zener pinning. Growth of grains occurs by movement of grain 
boundaries. Small, dispersed solute particles greatly reduce the rate of grain boundary 10 
movement because the energy of a boundary can be lowered if it intersects solute 
particles. An additional driving force is then re uired to ‘un-pin’ the grain boundary such 
that it can continue to move and allow grain growth. Zener pinning is most significant for 
small, highly dispersed particles and the effect is worsened as their concentration 
increases.  By this mechanism we can make a reasonable explanation of the observed 15 
grain size increase at lower pressures, which is otherwise hard to account for.  Removal of 
the secondary phase by decomposition would reduce its effect on the rate of grain 
growth. According to the phase diagram, there is another secondary phase, ZnS, in all of 
the samples. The model for film growth in Section 4.6 of this Chapter proposed that ZnS 
as a secondary phase is mainly near the surface of the film, so it would have less effect on 20 
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the bulk as regards grain growth.  Sn was present as an underlayer, and so the Cu2ZnSn3S8 
phase would be initially concentrated at the back of the film. This means it must move 
completely through the film to reach the surface and decompose, which provides ample 
opportunity for it to disrupt grain growth in the bulk of the film. 
  5 
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Conclusions 
The aim of this chapter was to understand how the conditions provided during 
sulfurisation (primarily pressure and time) affect the emergence of the CZTS phase. At the 
same time, the phase formation from non-stoichiometric precursors was of interest.  
These studies are important because the properties of the semiconducting film will be 5 
heavily dependent upon the processes occurring during sulfurisation. A key issue arising 
in the CZTS literature is the apparent requirement for long sulfurisation times (several 
hours) to achieve the best device performance.  This is despite the fact that CZTS itself 
forms in only a few minutes, as has been shown here and elsewhere.  Another question is 
why the best devices are usually made from Cu-poor material.  The presence of excess Cu 10 
during film formation has been beneficial in fabrication of CuInS2 films, and similar 
morphological effects have been seen for CZTS, however no working devices have been 
made from Cu-rich CZTS films.  Finally, losses of Sn and Zn by evaporation have frequently 
been reported in the literature. 
 The residence time of S in the hot zone of the RTP furnace was found to be of the 15 
order of several minutes, therefore any developments occurring at longer sulfurisation 
times are not due to the presence of S. 
 Losses of Zn were seen to occur, even at pressures close to atmospheric pressure, 
by evaporation of elemental Zn. This can only occur in the early moments of sulfurisation 
before reaction with S.  Zn-loss was therefore finite and independent of sample 20 
composition.  The loss of Zn was problematic, causing unwanted compositional changes.  
This is another reason to favour the proposed ‘best’ precursor stacking order of Araki et al 
[38], Mo|Zn|Sn|Cu, because that configuration would presumably reduce Zn-loss. 
Unfortunately that stacking order is not achievable using the current electrodeposition 
method. In further work, Zn loss could be compensated for by providing a slight excess of 25 
Zn in the precursor.  
Sn-loss occurred over longer time periods, attributed to the formation and 
evaporation of SnS by decomposition of higher phases. The loss of Sn from Sn-rich or Cu-
poor samples was seen to occur even at pressures close to atmospheric, occurring until all 
of the Sn-containing secondary phase was consumed.  This resulted in most samples in 30 
the investigation lying on a line in the phase diagram which was parallel to the CZTS-ZnS 
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two-phase boundary at 400°C, and therefore may define the same boundary at the 
temperatures of this study.  Similar Sn-loss was not seen in literature examples when 
annealing with a constant supply of H2S, and therefore the absence of S was thought to 
enhance the evaporation rate, in accordance with the equilibria associated with SnS 
evaporation. 5 
 Two roles of the background pressure of N2 during sulfurisation were discussed: 
(1) The background pressure strongly influenced the partial pressure of S vapour in 
the sample container, as shown by a model, even though the amount of S initially 
introduced was constant in all cases. The observed effects of a lower partial 
pressure of S included a slower reaction rate, with incomplete conversion of the 10 
precursor phases.  The RTP system used here should be modified so that the 
background pressure and S partial pressure can be varied independently. 
(2) The background pressure affected the rate of loss of Sn from samples during 
sulfurisation.  Pressures lower than 10 mbar were seen to cause decomposition of 
the CZTS phase resulting in heavy losses of Sn, and large amounts of Zn were also 15 
lost. At the same time, smaller grains were seen in films produced at higher 
pressures, which was tentatively attributed to grain growth inhibition (Zener 
pinning) by secondary phases which would have evaporated at lower pressure.  
 
In this study, the evaporation of Sn-containing secondary phases was seen to occur 20 
over a timescale of approx. 30 minutes at 560°C and a background pressure of 700 mbar.  
Due to the positioning of sample compositions in the ternary phase diagram (most were 
Cu-poor), changes in the films as a function of sulfurisation time seemed to be primarily 
associated with the gradual evaporation of secondary phases, rather than any 
fundamental developments within the CZTS phase. The sulfurisation time had a relatively 25 
weak effect on the grain size of the CZTS films. 
The Cu-content of the samples had dramatic effects on the grain size of the films.  
In CuInS2 the same effects are seen, and are attributed to the role of Cu-S phases during 
growth.  The preparation of pure Cu-rich films (with only Cu-S secondary phases) was 
attempted, but initial losses of Zn during sulfurisation caused the compositions to move 30 
into the Zn-poor region, where Cu-Sn-S phases should form alongside Cu-S.  These films 
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had a larger grain size but the morphology was affected severely because the secondary 
phase grains were embedded in the film, and left ‘scars’ and pinholes after etching.  It 
appears that not only Cu-S but also Cu-Sn-S phases are removed by KCN etching: this 
should be investigated further.   
The difficulty of assigning secondary phases in the Cu-Sn-Zn-S system has been 5 
discussed. The phase diagram was relied upon to predict the likely phase structure, and in 
large part the observations of other film characteristics fitted the expected presence of 
secondary phases.  However many further studies are required to establish the presence 
of certain phases in CZTS thin films, particularly Cu2ZnSn3S8, about which little is currently 
known.  10 
Based on the studies in this chapter, we can make some recommendations for future 
work: 
(1) The use of an inert atmosphere during sulfurisation is required to avoid 
decomposition of CZTS, especially if the partial pressure of S is low. 
(2) Excess Sn can be removed by annealing in the absence of S or H2S, therefore the 15 
commonly employed method of annealing for several hours in H2S may prevent 
the loss of secondary phases which could affect device performance, explaining 
the poor performance of Sn-rich devices. 
(3) To achieve larger grains, compositions in the Cu-poor or Sn-rich regions of the 
phase diagram should be avoided. 20 
(4) Investigation is required of the effect of Cu-excess on grain growth in samples that 
are in the pure Cu-rich or Sn-poor regions of the phase diagram – i.e. those that do 
not contain Cu-Sn-S secondary phases. 
(5) Investigation of element losses from samples in different regions of the phase 
diagram should be carried out. 25 
 
 
 
 
  30 
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Chapter 5. Opto-electronic properties of Cu2ZnSnS4 films: 
influences of growth conditions and precursor composition 
 
In the final chapter of this report, we present opto-electronic characterisation of the CZTS 
films, using photoelectrochemical techniques.   Observations of trends in these properties 5 
are discussed in the light of the results of the preceding chapters. 
Background 
 
5.1 CZTS material properties in the literature 
5.1.1 The band gap of CZTS 10 
Reported values from experimental studies  
Fundamental studies of the CZTS band gap are limited. For a single CZTS crystal, it was 
estimated from absorption measurements as 1.39 eV [132]. Values reported for thin films 
vary from just below 1.4 eV to around 1.65 eV [8, 11, 12, 65, 109, 113, 114, 117, 118, 133-
136], although in fact most are within the range 1.45 – 1.50 eV.  Variations in the band 15 
gap of Cu(In,Ga)(S,Se)2 (CIGS) are usually achieved by compositional modifications [3], 
and this could certainly be one source of the variability in CZTS too.  Larger band gaps 
were found for Cu-poor films in one study [129], but in another the opposite seemed to 
be true [109].  Although until now there have been no dedicated studies, there are 
indications in the literature that the band gap of CZTS depends not only on sample 20 
composition, but also on heat-treatment parameters. When sulfurisation time was 
extended from 1 to 3 hours, an increase from 1.43 eV to 1.58 eV was seen [11]. In 
another report, the band gap increased from 1.45 to 1.55 eV when the heat-treatment 
temperature was raised from 300 to 500°C [135]. Some of the highest values, 1.55 - 1.65 
eV, have been seen when sulfurising compound precursors in vacuum [137], whereas 25 
more often sulfurisation is carried out close to atmospheric pressure, for example [11, 22, 
65, 135, 137].  These are only tentative trends; due to the extensive variability in 
processing methodology and film composition it is difficult to say whether these trends 
are always observed. The variation may also be due in part to the way that the band gap 
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values are derived – usually from extrapolation of optical data – and in part to the 
presence of extensive band tails in poor quality material. 
Calculations of the band gaps of kesterite and stannite 
Theoretical approaches have shown that the band gap varies depending on the structural 
type in a given sample.  Calculations of the band gap have given values of between 1.49 5 
and 1.56 eV for the kesterite structure and 1.30 – 1.42 eV for the stannite structure – see 
Table 5.I.  The band gap for the partially disordered kesterite structure was only 0.04 eV 
smaller than that of the ordered kesterite [91].  These values encompass the entire range 
of reported band gaps discussed above.     
Source Eg(Stannite) [eV] Eg (Kesterite) [eV] Difference [eV] 
[91] 1.38 1.50 0.12 
[92] 1.42 1.56 0.14 
[93] 1.295 1.487 0.192 
Table 5.I. Band gap values calculated for the stannite and kesterite structures. 10 
 
5.1.2 Defects in CuInSe2 and CZTS 
The main defect type giving rise to p-type conductivity in CuInSe2 and related materials is 
the Cu vacancy, VCu
-
. Also relatively low in energy is the antisite defect  InCu
2 , an In atom on 
a Cu site.  The neutral defect complex  2VCu
-
 InCu
2  o actually has a negative free energy of 15 
formation in Cu-poor material, and the accumulation of these defects in regular arrays 
leads naturally to the Cu-poor/In-rich phases CuIn3Se5 and CuIn5Se8, which are referred to 
as  ‘ordered vacancy compounds’ (OVC) [3].  These phases are thought to enhance 
electron-hole pair separation, leading to higher device efficiencies [138].  
 There have been several first-principles studies of defect energetics in CZTS and 20 
the related quaternary compounds. In general, it was found that the role of Sn was mainly 
structural; that is to say that due to the greater covalent character of the Sn-S bonds the 
formation of point defects involving Sn is unlikely. The bonds involving Cu and Zn are 
almost completely ionic, therefore these elements are the most likely source of defects 
[139]. In several cases, the neutral defect complex   CuZn
-
 ZnCu
  o was seen to have a low 25 
formation energy, especially when arrays of the defect were present [139, 140].  This 
defect can be seen to correspond to the structural disorder found in the kesterite phase, 
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as discussed in Section 3.4, and it should be pointed out that only the Cu and Zn atoms on 
certain planes can undergo this type of disorder.  Similarly to CuInSe2, Cu vacancies could 
form easily, giving the material p-type character.  Again analogous to  2VCu
-
 InCu
2  o in 
CuInSe2, the defect complex  VCu
-
 ZnCu
  o was found to have a negative free energy of 
formation [139].   5 
Given that the defect chemistry of CZTS is presumably even more complex than that of 
CuInSe2, the formation of ordered vacancy compounds seems highly likely. The study of 
such matters in CZTS is in its infancy; however, it is interesting to point out the following 
similarity between an ordered vacancy compound seen in CuInSe2, and the quaternary 
Cu2ZnSn3S8 phase: 10 
CuInSe2 + In2S3  CuIn3S5 [138],  
 Cu2ZnSnS4 + 2SnS2  Cu2ZnSn3S8 [58], 
where the thiospinel Cu2ZnSn3S8 does indeed belong to a class of compounds being 
characterised by having a large number of vacant lattice sites [59]. 
5.1.3 The effects of secondary phases on opto-electronic properties 15 
The phase diagram discussed in Section 3.2 is reproduced below in Figure 5.1.  
 
Figure 5.1. Ternary phase diagram for the Cu-Zn-Sn-S system reproduced from Section 3.2. 
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In this chapter it will be useful to refer to the composition labels defined in Chapter 3; 
these are defined again in Figure 5.2 and Table 5.II. 
 
Figure 5.2. Ternary phase diagram defining the compositional types and their labels, as used throughout 
this text. 5 
 Composition description Expected secondary phases 
 “Cu-poor” Cu2ZnSn3S8 + ZnS  
 “Sn-rich” Cu2ZnSn3S8 
 “Zn-poor” Cu-Sn-S + Cu2ZnSn3S8 / Cu2S 
 “Cu-rich” Cu2S 
 “Sn-poor” Cu2S, ZnS 
 “Zn-rich” ZnS 
Table 5.II. Definition of composition descriptions used in this report, in terms of the expected secondary 
phases. 
The phase diagram shows that there is a strong possibility of the formation of a number 
of secondary phases, and an interesting question is therefore whether any particular 
combination of secondary phases is preferable (or ‘least harmful’) in terms of their 10 
influence on film properties.  We can make some initial predictions: 
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Cu2S, Cu-Sn-S 
These materials are generally semiconducting, and have lower band gaps than CZTS, 
around 1 – 1.2 eV. Therefore they could act as recombination centres or reduce the open 
circuit voltage of a device. Degenerate Cu2-xS could even create shorting pathways 
through the absorber layer. On the other hand, as was mentioned in Section 4.2, the 5 
presence of excess Cu during growth can be beneficial to the morphological properties of 
the film, which may improve its electronic transport properties as well. Cu2S, and – if the 
interpretation of data in Section 4.5.4 is accurate, also Cu-Sn-S – can be removed by KCN 
etching, but buried phases that cannot be accessed by the etchant will be detrimental to 
the film performance. 10 
Cu2ZnSn3S8 
This phase was first reported by Olekseyuk et al [58], and as yet there are no reports 
concerning its properties. 
ZnS 
ZnS is a semiconductor with a band gap of around 3.6 eV. It should not therefore act as a 15 
recombination centre, but will reduce the volume of useful material.  If present at the 
surface, as suggested in Section 3.13, then it may absorb the shorter wavelengths and 
reduce the current produced by the film.  
5.1.4 Device compositions for CZTS 
The compositions of the reported CZTS devices to date are plotted on the ternary phase 20 
diagram in Figure 5.3. Despite significant differences in processing conditions, there is a 
general consensus that the ‘best’ composition is not in fact within the single-phase 
region; instead it is in either the Zn-rich or Cu-poor regions. It should be noted that the 
compositions of CZTS films are rarely discussed with reference to the likely secondary 
phases, because of the aforementioned difficulties in assigning them.  In this investigation 25 
we make full use of the Cu-Zn-Sn-S phase diagram to help understand the observed 
behaviour.  The most commonly seen film compositions would cause the formation of ZnS 
and Cu2ZnSn3S8 secondary phases. 
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Figure 5.3. Ternary phase diagram showing the compositions of the reported CZTS devices, sorted by 
device efficiency [9, 10, 12, 25, 28, 35, 65, 109, 113, 115, 135]. 
No functioning devices have been produced from material in the Sn-rich, Sn-poor, Cu-rich 
or Zn-poor regions. This pattern is in accordance with the above predictions about the 5 
effects of different secondary phases. 
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5.2 Photoelectrochemical characterisation techniques 
This investigation concerns the opto-electronic properties of CZTS absorber layers. In 
order for these to be measured, electrical contact must be made with the absorber layer 
surface while the surface is simultaneously illuminated.  A convenient way to do this is to 
use an electrolyte contact: the absorber layer is immersed in a transparent, conductive 5 
solution containing a redox species capable of collecting photogenerated minority carriers 
from the film surface.  The redox species should be an extremely efficient scavenger of 
minority carriers, so that these carriers do not cause photocorrosion of the film. If that 
condition is met, the electrolyte contact is non-damaging, reversible and much more 
easily made than a solid-state contact. An overview of the relevant properties of the 10 
semiconductor-electrolyte junction will be given. For further information on the 
semiconductor-electrolyte junction, the reader is referred to [141]. 
5.2.1 Junction formation at the semiconductor-electrolyte interface 
A p-type semiconductor like CZTS contains a certain concentration of ‘acceptor’ impurities 
or defects, which are ionised at room temperature to provide ‘free’, i.e. delocalised, holes 15 
in the valence band. Holes are termed the ‘majority carrier’ in a p-type material. The 
concentration of free electrons at equilibrium, by contrast, is negligible. The energy of the 
majority carriers on an electrochemical scale is equivalent to the Fermi level in the 
semiconductor. Upon immersion in an electrolyte, charge transfer occurs between the 
solution and the semiconductor, until the Fermi level of the semiconductor is equal to the 20 
electrochemical potential of the redox electrolyte.  We consider a situation in which the 
electrochemical potential of the redox couple is within the band gap of the 
semiconductor before contact. In this case, majority carriers – holes in a p-type material – 
can lower their energy by reacting with the electrolyte. The extraction of holes creates a 
concentration gradient, driving more holes to the surface. The ionised acceptor states 25 
that gave rise to the holes are localised, and so the transfer process leaves behind a 
region of negative charge. Net hole transfer stops when the diffusional driving force for 
hole extraction is balanced by the electrostatic driving force keeping the holes within the 
material.  At this stage, the Fermi level has equalised throughout the semiconductor-
electrolyte system, and there is a region within the semiconductor that is depleted of 30 
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holes, known as a ‘space charge’ region, extending a depth W into the semiconductor.  An 
equivalent excess positive charge is absorbed at the semiconductor surface on the 
electrolyte side of the interface, in a thin plane known as the Helmholtz layer. The 
depletion region has the properties of a rectifying contact – a Schottky barrier – and 
provides a mechanism for separation of photoexcited electron-hole pairs.   The electric 5 
field at the surface is e uivalent to a ‘bending’ of the conduction and valence bands over 
the distance W. 
The concentration of free carriers in the semiconductor in the dark is dependent 
on the concentration of acceptor states.   For a given initial difference in Fermi levels, a 
fixed amount of charge must be transferred from the semiconductor to the solution. If a 10 
large amount of charge is transferred, then the carriers must come from deeper in the 
bulk of the semiconductor, therefore the spatial extent of the space charge region, W, is 
governed by the acceptor concentration, Na, as follows: 
 
,    15 
 
which is derived from the Poisson equation for the electric field gradient near the 
semiconductor surface under depletion conditions. ε0 and εr are the vacuum and material 
permittivities, 8.85x10-12 Fm-1 and approx. 10 respectively, and Δφ is the potential 
difference between the bulk and the surface of the semiconductor, and is a measure of 20 
the degree of band bending. Figure 5.4 illustrates the band structure of the 
semiconductor near the interface, showing the effect of different acceptor concentrations 
on W.  The figures are plotted on an electrochemical scale with respect to the reference 
electrode used, which was Ag|AgCl.  The redox electrolyte level is that of Eu3+/Eu2+ (-
0.557 V vs. Ag|AgCl), which is commonly used with p-type semiconductors since it is an 25 
efficient electron-scavenger 
[142]. 
Equation 5-1 
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Figure 5.4. Band structure at the interface of a p-type semiconductor and a redox electrolyte, indicating 
the space charge region width W for different values of acceptor concentration: (a) 5 x 1014 cm-3, (b) 1 x 
1016 cm-3. 
During measurements, the sample is connected to a potentiostat, and we can control its 5 
potential, E, with respect to a reference electrode. By doing so we are altering the 
position of the Fermi level within the semiconductor.  Changing the Fermi level causes 
further charge exchange at the interface, which changes the degree of band bending, Δφ.  
The electrode potential re uired to cause Δφ, and therefore W, to drop to zero is termed 
the ‘flat-band’ potential, Efb.  In cases where the acceptor concentration is less than 10 
around 1018cm-3, most of the change in potential occurs over the space charge region, 
with only a small amount being dropped across the Helmholtz layer. In this case, Δφ is 
equal to (Efb – E), so that the dependence of W on applied potential is given by: 
   
 15 
 Figure 5.5 shows the band structure for different values of applied potential, both 
negative and positive of the flat band potential. In the former case, we have a depletion 
region, and in the latter case an ‘accumulation region’, where the semiconductor has 
developed negative charge near the surface.   
 20 
Equation 5-2 
(a) (b) 
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Figure 5.5. band structure at the semiconductor-electrolyte interface for different values of applied 
potential, E, with respect to the Ag|AgCl reference electrode: (a) -1.0 V, (b) -0.6 V, (c) -0.4 V (the flat band 
potential in this example), (d) -0.2 V. 5 
 
Before moving on to the role of the space charge region in charge carrier collection, we 
must first discuss the generation of electron-hole pairs upon light absorption. 
   
5.2.2 Charge carrier generation in semiconductors 10 
Generation of electron-hole pairs occurs by photo-excitation, the absorption of photons 
causing electronic transitions between the valence and conduction bands.  CZTS is a direct 
gap semiconductor, so these transitions occur with high probability.  Therefore light 
absorption is strong at energies above the band gap. 
The fraction of light penetrating a depth x into the material is determined by the 15 
absorption coefficient, α(E), which varies with energy following the density of states of 
the material.  
(a) (b) 
(c) (d) 
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An approximation for the absorption coefficient for photon energies, hν, near the band 
gap energy, Eg, is given by the parabolic equation for a direct band gap: 
 
    5 
 
The parameter A is a constant determined by the details of the electronic band structure. 
The absorption coefficient can be measured directly for a known thickness of film 
upon a transparent substrate, according to Equation 5-3.  However the electrodeposition 
method required highly conductive substrates, and there are no suitable transparent 10 
materials.  Since the constant A is essentially determined by the band structure of a 
material, we can assume that it will not change considerably, and so we can use literature 
data for the absorption coefficient, such as that presented by Tanaka et al, which was 
measured for a film produced by hybrid sputtering [118].  The data were digitised and are 
reproduced in Figure 5.6(a). By fitting Equation 5-4 to this data, as in Figure 5.6(b), we 15 
derive a value for A of approx. 2 x 104 cm-1eV -½. This is only valid within about 1 eV of the 
band gap; after that the parabolic band approximation is no longer applicable. 
 
Figure 5.6. (a) Absorption coefficient data reproduced from reference [118]. (b) Plot to determine the 
material constant A (and band gap Eg) from the absorption coefficient data. 20 
 
5.2.3 Charge carrier collection and external quantum efficiency 
To obtain a current under illumination, the photoexcited electrons and holes must be 
channelled in opposite directions.  The role of the semiconductor-electrolyte junction is 
Equation 5-4 
Equation 5-3 
(a) (b) 
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now apparent: there is an electric field over the space charge region which provides a 
driving force for electrons to move towards the surface and for holes to move away from 
the surface. Coupled with this, the presence of an efficient electron scavenger in the 
electrolyte means that photogenerated electrons are rapidly removed from the 
semiconductor, creating a concentration gradient which causes an electron flux towards 5 
the surface.  The rate of hole capture by the electrolyte is negligible in contrast, so that 
holes diffuse away from the site of generation into the bulk of the semiconductor.  In the 
absence of electron-hole pair recombination within the space charge region or at the 
surface, then all photons absorbed within the space charge region will lead to current 
generation. If photons penetrate further, into the charge-free region of the material, then 10 
the carriers they generate will only be collected if they diffuse far enough to reach the 
space charge region before recombining.  The Gärtner equation summarises these 
collection processes in an expression for the ‘external  uantum efficiency’ (EQE), e ual to 
the number of electrons collected per incident photon absorbed [143]: 
 15 
   
 
where Ф E) is the EQE and Ln is the minority carrier diffusion length, determined by the 
diffusion coefficient, D, and lifetime, τ, of the minority carriers by L = (Dτ)½.  Figure 5.7 
and Figure 5.8 show the exponential decay of light intensity superimposed on the band 20 
structure near the semiconductor-electrolyte interface, for different incident photon 
energies and different applied potentials.  The former alters the penetration depth of 
light, and the latter alters the space charge region width.  The relative size of these two 
distances is critical in determining the EQE. 
Equation 5-5 
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Figure 5.7. The semiconductor-electrolyte interface showing the relative intensity of light as a function of 
penetration depth as a dotted line, for two different photon energies: (a) 3.5 eV and (b) 1.6 eV.  The 
percentage of light absorbed within the space charge region is 90% and 40% respectively. 
 5 
 
Figure 5.8. The semiconductor-electrolyte interface showing the relative intensity of light as a function of 
penetration depth as a dotted line, for two different electrode potentials: (a) -0.6 V vs. Ag|AgCl, and (b) -
0.9 V vs. Ag|AgCl.  The percentage of light absorbed within the space charge region is 50% and 80% 
respectively. 10 
The role of the applied potential is therefore to control the width of the space charge 
region in order that as much light as possible is absorbed within it, so that carrier 
collection is maximised. The case is different for devices, where EQE is measured at short 
circuit. In this instance a bias is applied to get a measureable signal from the 
electrochemical system. 15 
5.2.4 Non-radiative recombination 
After they are excited by incident photons, charge carriers in the conduction and valence 
bands should ideally flow uninterrupted through the film, carrying the photocurrent.  
(a) (b) 
(a) (b) 
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However, carriers can also become trapped in localised states within the band gap.  If it is 
not thermally re-excited out of the trap state, a complementary charge carrier may 
recombine with the trapped carrier.  Recombination of photogenerated charge carriers 
via states at the surface of the semiconductor or within the space charge region is an 
undesired process that reduces the collection efficiency.  However, due to the chemical 5 
complexity of the compound semiconductors, and the nature of the processes used to 
fabricate them in thin-film form, the presence of defect states is very likely, and devices 
and measurements must be designed such that recombination can be minimised.  In this 
instance, the applied potential is chosen such that recombination has only a minor effect 
on the collection efficiency. 10 
5.2.5 Comparison of photoelectrochemical EQE measurements with device 
measurements 
There are some differences between the measurements made on the 
photoelectrochemical system and those made on complete devices, as will now be briefly 
discussed.  15 
The aim of this section of the investigation is to compare the properties of CZTS 
films by the use of electrolyte contacts to measure EQE as a function of bias and 
wavelength.  The main pieces of information available are the band gap, space charge 
region width (and from this, the acceptor concentration), and the shape of the EQE 
spectrum itself.    20 
When making EQE measurements on complete devices, the device is maintained 
at quasi-equilibrium, in the short-circuit situation (i.e. with no bias potential). This 
represents the maximum current obtainable when the sample is generating power.  If 
there are collection losses at short circuit due to a narrow space charge region, it is 
possible to improve the photocurrent by application of a reverse bias to the device. The 25 
spectrum thus measured is termed the 'apparent' quantum efficiency, AQE, to signify that 
it is not measured under short circuit conditions. This is very important: the AQE under 
reverse bias might be an improvement on the EQE at short circuit, but such values would 
not be obtainable from a power-generating device.  The combination of materials making 
up the p-n junction in the device is chosen such that a high short circuit current can be 30 
obtained.   
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In the photoelectrochemical case, the short circuit situation occurs when the 
applied bias is equal to the redox potential of the electrolyte.  It is important to point out 
that the electrochemical configuration herein is not chosen to emulate device function: it 
is chosen to enable good measurements of the absorber layer. The electrolyte is 
therefore chosen primarily to be an efficient electron scavenger, and also to be 5 
transparent over a wide wavelength range, but the redox potential is not the prime 
concern. Photoelectrochemical devices – where the goal now is to maximise power 
conversion efficiency – can be made, and in that case we would chose a redox couple that 
produced significant band-bending at short circuit, in order to achieve a higher short 
circuit current.  This might require some compromise in, for example, the light absorption 10 
spectrum of the electrolyte.   
Returning to the present case, we generally apply a reverse bias to the 
semiconductor-electrolyte junction, to improve carrier collection and obtain better 
experimental data from which to extract material properties. In this sense, what is 
measured is in fact the 'apparent' quantum efficiency, however in general this distinction 15 
is not necessary since we are not attempting to produce photoelectrochemical devices 
(no power conversion efficiencies are stated).  Photoconductivity, which could lead to 
EQE values greater than 1, was not observed, so it is assumed that genuine photovoltaic 
action is taking place, i.e. that the photocurrent is due to a light-dependent gradient in 
the quasi-Fermi levels for electrons and holes [6].  20 
The application of a reverse bias does not distort the measurements: the band gap 
occurs at the same position, the acceptor concentration is calculated taking the bias into 
account, and the space charge region width is anyway bias-dependent and is quoted at 
the measurement potential. The predicted current density under AM1.5 illumination (see 
below) is used as a way of summarising the entire EQE spectrum so that samples can be 25 
compared using a single parameter, it is not intended to imply that the 
photoelectrochemical system based on Eu(III)/Eu(II) could be scaled up to produce 
efficient devices.  
  
 30 
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5.2.6 Dark currents 
 So far we have talked about the photocurrent arising under illumination, but there 
is also the possibility that ‘dark’ currents, i.e. currents which arise from processes other 
than light absorption, can also flow.  In an electrochemical system, these would 
correspond to other electrochemical processes besides collection of photogenerated 5 
charge carriers.  Dark currents will be worsened when there are pin-holes in the film that 
allow the substrate to come into contact with the solution. Then the potential that should 
be dropped over the space charge region of the semiconductor – leaving only a small 
potential at its very surface – is instead lost entirely over the thin Helmholtz plane at the 
substrate surface. It is then very likely that there will be direct reduction of the redox 10 
electrolyte, i.e. Eu3+ + e o
-
  Eu2+(aq). This reaction will occur at potentials more negative 
than -0.58 V vs. Ag|AgCl [33]. Because of the possibility of dark currents, the 
photocurrent is measured using pulsed or chopped illumination. The dark current is 
measured during the ‘off’ period of the illumination, and subtracted from the total 
current measured during the ‘on’ period. 15 
 
5.2.7 Measurement of EQE spectra 
Measurements of EQE are made with reference to a calibrated photodetector – which has 
a known EQE spectrum. The photocurrent, ΔJ(E), of a sample under illumination from a 
spectral flux density b(E) over a small range of photon energies ΔE is given by: 20 
 
   
 
where q is the electronic charge.  The spectral flux density is dependent on the source of 
illumination and its intensity. This equation holds for both the sample and the 25 
photodetector, so that when they are measured under the same illumination conditions, 
i.e. with a constant function b(E), the sample EQE spectrum is calculated simply from the 
ratio of photocurrents:  
,    
Equation 5-7 
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where all parameters are functions of photon energy and the subscripts ‘s’ and ‘pd’ refer 
to the sample and the photodetector respectively. 
To measure the photocurrent from the sample, a monochromatic light beam is 
shone onto the sample within its electrochemical cell, while a potentiostat is used to hold 
the sample at a potential suitable to create the desired band bending situation (see Figure 5 
5.8).  A reasonable degree of band bending is required to minimise surface 
recombination, which would reduce the photocurrent at all wavelengths. The potential is 
measured with respect to a reference electrode in the electrochemical cell, and the 
photocurrent, recorded by the potentiostat, flows between the sample and a third 
electrode. To distinguish the photocurrent from any dark current that may be flowing (as 10 
a result of processes other than light absorption), the light beam is chopped at a constant 
frequency and a lock-in amplifier used to detect the modulated photocurrent at that 
frequency. The light beam size should be smaller than the sample and photodetector so 
that all of the light falls onto their surfaces in each case. The setup is shown in Figure 5.9. 
 15 
 
 
 
Figure 5.9. Diagram of the photocurrent measurement setup. See text for explanation. 
 20 
5.2.8 Correcting for reflection and absorption by the electrochemical cell 
When the photodetector photocurrent is measured, the light beam is directly incident on 
its surface. When photoelectrochemical measurements are made, the beam must pass 
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through the glass window of the electrochemical cell and through a certain distance of 
electrolyte before reaching the samples surface.  Reflection at the glass-air and glass-
electrolyte interfaces and absorption by the electrolyte will reduce the intensity of the 
light at certain wavelengths. If the original spectrum of illumination is given by b, then the 
photon flux reaching the sample at a given wavelength will be given by: 5 
 
 
 
where Rag and Rge are the reflection coefficients of the air-glass and glass-electrolyte  
interfaces respectively and αe is the absorption coefficient of the electrolyte (it is assumed 10 
the glass is completely transparent at the wavelengths used). All three parameters are 
functions of wavelength. xe is the path length travelled by the light beam through the 
electrolyte.  Taken together these effects give the transmission spectrum of the front part 
of the cell, Tcell(x).  As a consequence of reflection and absorption, the sample 
photocurrent must be corrected by dividing through by Tcell(x) when calculating the 15 
sample EQE: 
 
,    
 
where it is understood that all parameters are functions of the photon energy of the 20 
illumination. 
To determine Tcell(x) for the cell used in this investigation, the photocurrent from 
the photodetector was measured in three different situations: (1) with the empty cell 
(which is enclosed by two flat, parallel glass windows 1 cm apart) between the 
photodetector and the light source, (2) as before but with the cell filled with electrolyte, 25 
and (3) the filled cell with a 1 mm thick piece of glass immersed in the electrolyte, parallel 
to the cell windows.  The spectral photon flux reaching the photodetector in each case is 
given by: 
 
(1)       30 
Equation 5-10 
Equation 5-9 
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(2)    
(3)  ,  
 
where t is the spacing between the two sides of the cell. Solving these equations 
simultaneously yields the individual contributions to Tcell(x) and allows us to calculate the 5 
amount of light reaching the sample when it is immersed in the electrolyte.  Rag, Rge and 
αe are shown in Figure 5.10(a)-(d) as a function of photon energy, along with Tcell(x) 
calculated for different distances into the electrolyte. 
 
 10 
Figure 5.10. Reflectivity spectra for (a) the glass-air and (b) the glass-electrolyte interfaces. (c) Absorption 
spectrum for the Eu(III) electrolyte. (d) Calculated transmission spectra showing relative light intensity at 
the sample surface, for different path lengths through the electrolyte (1, 3, and 5 mm). 
The combined reflection from the air-glass and glass-electrolyte interfaces results in 
about 7% of the incident light being lost at most wavelengths, which increases to around 15 
20% in the blue region.  The absorption peak of Eu(III) solution at around 1.3 eV is quite 
significant, since this is the region of the CZTS band gap. Therefore the importance of this 
Equation 5-12 
Equation 5-11 
(a) (b) 
(c) (d) 
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correction is emphasised. It is also best to minimise the distance between the front of the 
cell and the sample surface. A distance of around 1.5 mm was the minimum that could be 
achieved in practice.  
5.2.9 Analysis of EQE spectra and EQE-bias curves 
Measurement of the band gap 5 
The EQE spectrum can be used to derive the band gap of a sample.  If we re-write the 
Gärtner equation in the limit of a small minority carrier diffusion length (which is likely to 
be the case in a small-grained, polycrystalline material with a high concentration of 
defects) we obtain: 
 10 
    
Then substituting the expression for the absorption coefficient, we have: 
 
   
 15 
Therefore a plot of [ln(1-Ф)]2 against hν yields a straight line which intersects the x-axis 
where hν = Eg. Knowing the value of A, we can also make an estimate of W from the 
gradient of the line. 
 
Prediction of current density under solar illumination 20 
 Since EQE is a measure of the number of electrons generated per incident photon, 
we can also predict the current density, Jsc, that could be expected under any given 
illumination source [6]. This is simply done by integrating the EQE over the spectrum of 
choice: 
 25 
   
Equation 5-15 
Equation 5-14 
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where b(E) is the spectral photon flux density (m-2s-1eV-1) and q the electronic charge. For 
b(E) we use the AM1.5G spectrum – the standardised solar photon flux arriving at the 
Earth’s surface. 
 It is important to note that, since the band gap of the material defines the lowest 
photon energy that can be absorbed, materials with higher band gaps absorb fewer 5 
photons.  This means that the current density available from a wide band-gap material is 
lower.  However, the energy of each charge carrier is also defined by the band gap: after 
transition into the conduction band upon light absorption, each electron rapidly loses any 
excess energy and relaxes to the conduction band edge. Narrow gap materials therefore 
generate less energy per electron – their photovoltage is lower.  There is an optimum 10 
band gap of around 1.5 eV where the product of the theoretical maximum current density 
and the maximum photovoltage is greatest [6]. This is one reason that CZTS is a promising 
candidate for thin film solar cells.  As a consequence of the above, we must be careful 
when comparing predicted current densities from different samples – a good measure of 
film quality is only obtained if the band gaps of the samples are the same. 15 
 
Measurement of flat-band potential and space charge region width 
 When making measurements as a function of electrode potential, E, we are 
controlling the width of the space charge region, W. Therefore we re-write the Gärtner 
equation again by substituting the expressing for W (Equation 5-2):  20 
 
   
 
This equation is valid where E < Efb; in all other cases Ф = 0. An illumination wavelength 
within about 1 eV of the band gap should be used to stay within the parabolic section of 25 
the absorption spectrum.  When the applied potential is equal to the flat band potential 
(Efb = E), there is no space charge region, and the only driving force for carrier collection 
is diffusion. If the diffusion length is small, we should expect to see little or no current 
under illumination. If we make E more positive than Efb, then a surface barrier develops 
Equation 5-16 
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for minority carriers (see Figure 5.5(d)); they cannot react with the redox electrolyte, and 
again we will not see a current flow. Only when E is negative of Efb will we see a 
photocurrent, which will increase as the space charge region is widened. In principle, 
according to Equation 5-16, a plot of [ln(1- Ф)]2 against E should yield a straight line with 
intercept Efb on the x-axis.  In practice, this is not often observed. Surface recombination 5 
becomes increasingly rapid as Δφ approaches zero, because majority carriers can more 
easily reach minority carriers that are temporarily trapped in surface states.  Therefore 
for low amounts of band bending (Δφ), Ф decreases more rapidly than Equation 5-16 
predicts, as illustrated in Figure 5.11, which can lead to Efb being underestimated.  There 
are two solutions to this problem. If there is a linear region at the higher values of band 10 
bending, then this should be extrapolated to obtain an estimate of Efb. Alternatively, 
measurements of Ф can be performed with very high frequencies of chopped 
illumination, such that the measurement is made on a timescale shorter than that 
required for the recombination reaction [144].  The higher the frequency, the further the 
extent of the linear region of the plot, as also shown in Figure 5.11. 15 
 
Figure 5.11. EQE-potential plots showing the effect of surface recombination, and how this is removed by 
using high chopping frequencies during measurement. 
If acceptable measurements of the EQE-potential curve can be made, then the acceptor 
density and flat-band potential can be derived according to Equation 5-16.  20 
 The acceptor density and flat band potential can also be measured using 
capacitance measurements as a function of potential. The space charge region has a finite 
capacitance, and this can be measured by applying a modulated potential and recording 
the component of the current 90° out of phase with the driving frequency. Applying at 
the same time a constant potential causes the space charge region width to change, 25 
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which in turn affects its capacitance.  This measurement must be made at potentials 
where the dark current is small. The relationship between capacitance, C, and potential is 
given by the Mott-Schottky equation: 
 
   5 
 
A plot of C-2 as a function of potential should have a linear region with a gradient 
proportional to Na and which can be extrapolated to give Efb. Measurements of 
capacitance are susceptible to errors if there are pinholes present, because the pinholes 
have a much lower, parallel capacitance which will dominate the measurement. In this 10 
investigation, all of the above techniques were used to estimate Na, and good agreement 
was usually found between them. 
  
Equation 5-17     
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Experimental 
5.3 Photoelectrochemical measurements 
5.3.1 Sample preparation 
Precursor preparation, sulfurisation and etching were described in Sections 3.7 to 3.10.  
The Mo areas at the borders of the samples became coated with MoS2 during 5 
sulfurisation, and this was removed by abrasion with 1m alumina paste to expose the 
back contact.  The edges of the samples were isolated by scribing through the film with a 
diamond tipped stylus, and the area to be measured was delineated with polyimide tape.  
5.3.2 The photoelectrochemical cell 
The measurement cell was a glass-sided vessel with approximate volume of 2cm3. All 10 
photoelectrochemical measurements on CZTS films were carried out using an aqueous 
solution of 0.2 M Eu(NO3)3.6H2O (99.9%, Alfa Aesar) as an electron-scavenging redox 
electrolyte.  The photocurrent responses of the films were measured under potentiostatic 
control using Pt wire counter and Ag|AgCl reference electrodes. 
5.3.3 Photocurrent under LED illumination 15 
Transient photocurrents were generated using pulsed illumination from a high intensity 
white light emitting diode (LED) and measured using an Autolab 20 potentiostat at a 
potential of -0.4 V vs. Ag|AgCl. 
5.3.4 Photocurrent spectroscopy (measurement of EQE) 
Photocurrent spectra were obtained using monochromatic light of variable wavelength 20 
provided by a tungsten lamp and grating monochromator. The incident light was chopped 
at 27 Hz, and a lock-in amplifier (Stanford Research Systems) was used to detect the 
photocurrent.  A yellow filter was used to remove second-order harmonics from the 
monochromated light at wavelengths above 550 nm. The sample cell and battery-
powered potentiostat were placed within a Faraday cage to eliminate external 25 
electromagnetic interference and illumination. Measurements as a function of 
wavelength were made at a potential of -1.0V vs. Ag|AgCl. The spectrum was recorded 
twice in opposite directions to confirm that the sample was stable before performing a 
slower scan to record the final spectrum.  Measurements in the range 1100-350 nm were 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 202 - 
performed with 20 nm intervals; those in the range 1100-700 (the absorption onset 
region) were made at 5 nm intervals.  Measurements as a function of potential were 
made with an illumination wavelength of 750nm. 
 The photocurrents were corrected for reflection and electrolyte-absorption as 
described in Section 5.2.8. In order to obtain the external quantum efficiency of the CZTS 5 
films, the incident photon flux was calibrated using standardized Si and Ge photodiodes 
traceable to NBS standards.  
5.3.5 High-frequency measurements of photocurrent 
These measurements were performed using the same setup as described above, but the 
illumination source was a red LED (650 nm) driven with a variable frequency between 1 10 
and 5 kHz. 
5.3.6 Capacitance-bias measurements 
For capacitance measurements of CZTS films, the same three-electrode cell was used as 
described above, but the electrolyte was replaced with KCL buffered at pH3. A sinusoidal 
potential with amplitude of 10 mV and a frequency of 1 kHz was applied to the sample 15 
while the potential was scanned between 0.1 and -0.5 V vs. Ag|AgCl. The current at a 
phase angle of 90° was recorded using a lock-in amplifier, and the system was calibrated 
using a variable capacitor. 
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Results and discussion 
 
In this section, the effects of changing the sulfurisation parameters and precursor 
compositions on material properties are studied. Where the sulfurisation conditions were 
varied, the precursors in every case had compositions described by Cu/(Zn+Sn) = 0.8, 5 
Zn/Sn = 1, placing them in the Cu-poor section of the ternary phase diagram.  The 
sulfurisation pressure (except where it was the variable under study) was kept high (700 – 
850 mbar), in an attempt to minimise undesired compositional changes during 
sulfurisation.  Where the effects of composition were under investigation, all samples 
were sulfurised at 580°C for 30 minutes at a pressure of 700 mbar.  10 
 
5.4 Determining conditions for photoelectrochemical measurements 
5.4.1 Photocurrent-potential measurements 
In order to make meaningful measurements of sample properties, the applied potential 
during photoelectrochemical measurements must be chosen to avoid recombination 15 
where possible.  Figure 5.12(a) shows photocurrent-potential curves for a sample 
measured under rapidly pulsed illumination.   
 
Figure 5.12. (a) Photocurrent-potential plots made at different frequencies of pulsed illumination 
showing the effect of surface recombination at lower frequencies and potentials. (b) Photocurrent-time 20 
transients at different potentials showing the effect of recombination on the steady state photocurrent. 
 
(a) (b) 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 204 - 
In the potential range -0.4 to -0.8 V vs. Ag|AgCl, there is a strong dependence of 
photocurrent upon the frequency of the illumination pulse.  This is characteristic of 
surface recombination. The recombination current can be visualised clearly in the shapes 
of the photocurrent transients at different potentials, as in Figure 5.12(b).  The initial 
spike in photocurrent is due to the displacement current from the full quantity of 5 
photogenerated carriers. Immediately after they are generated, the carriers begin to 
recombine, bringing the steady-state current to a much lower level.  At higher potentials, 
this effect is minimised. At higher frequencies, increasingly narrow sections of the initial 
current spike are sampled, so the effect of recombination is screened out.  The data show 
that we can avoid recombination either by using very high chopping frequencies or by 10 
using potentials more negative than -0.8V. In practice, the highest chopping frequency 
available in the standard EQE setup was around 800 Hz, therefore it was more convenient 
to make low-frequency measurements at higher potentials. Typically -1.0 V vs. Ag|AgCl 
was applied. A similar potential was used to make photoelectrochemical measurements 
on CuInSe2 [142].  A simple scheme showing the band structure of CZTS in contact with a 15 
Eu(III) solution under the measurement conditions is shown in Figure 5.13. 
 
 
Figure 5.13. Schematic band diagrams for CZTS in contact with an Eu(III) solution (a) under flat-band 
conditions (Efb = -0.45V) and (b) at a potential of -1.0V vs. Ag|AgCl, as used for EQE measurements. 20 
 
 
 
(a) (b) 
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5.4.2 The effect of KCN etching 
As was discussed Chapter 4, etching in KCN removes Cu-S and possibly also Cu-Sn-S 
particles from the sample surface.  These particles can act as recombination centres, as 
well as causing anomalous light absorption and current generating behaviour.  Therefore 
etching was important before photoelectrochemical measurements were made; in fact, 5 
no photocurrent at all was observed for Cu-rich/Zn-poor samples until they were etched. 
Figure 5.14 shows how etching a sample in 5wt% aqueous KCN for increasing times 
affects the EQE measured as a function of potential curve.  There is a general 
improvement as the etch duration increases, corresponding to more efficient removal of 
secondary phases from the sample surface. The rate of improvement slows down after 10 
about 60 seconds.  
 
Figure 5.14. EQE-potential curves measured under white light illumination showing the effect of KCN 
etching duration on a Cu-rich sample. 
In practice, aside from being vital for Cu-rich/Zn-poor samples, etching would always 15 
either improve or have no negative effect upon Cu-poor/Sn-rich samples as well. 
Therefore a two-minute etch in 5wt% KCN was routinely used for all samples prior to 
photoelectrochemical measurements. 
 
Having covered these preliminaries, we can now move on to the main body of results 20 
derived using the photoelectrochemical measurements techniques. 
 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 206 - 
5.5 The effect of sulfurisation time 
As described in Chapter 4, sulfurisation times in the CZTS literature vary greatly, and 
extend up to 3 hours. If the two-stage process is to be industrially viable, the sulfurisation 
time must be minimised, however no detailed study of the effect of sulfurisation time on 
sample performance has yet been published. The use of a rapid thermal processing 5 
system with heating/cooling rates up to 20°Cs-1 allows us to perform such an experiment 
with excellent time resolution.    
5.5.1 Evolution of photocurrent density with sulfurisation time 
The photocurrent density measured using chopped illumination from a white LED is 
shown in Figure 5.15 for two series of samples sulfurised for different times. Photocurrent 10 
is apparent even after just one minute of sulfurisation. There is then a steep rise, with 
50% of the maximum being reached within 5 minutes, but the peak photocurrent is only 
reached after 50 minutes, and thereafter there is a gradual decline.  
 
Figure 5.15. Photocurrent density as a function of sulfurisation time, measured from current transients 15 
under white light illumination. Recorded in 0.2M Eu(III) solution at a potential of -0.4V vs. Ag|AgCl. Other 
sulfurisation conditions: 600°C, 700 mbar, 20 mg S. 
 
There are clearly two processes operating here: one that causes the increase in 
photocurrent between 0 and 50 minutes of sulfurisation time, and a second process that 20 
causes it to drop after 50 minutes.  
Three stages of film formation were described in Chapter 3: (1) the incorporation 
of sulfur, leading initially to formation of binary sulfides, (2) crystallisation of the CZTS 
phase, and (3) grain growth. The first two stages were shown here and in other work [18] 
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to be rapid, occurring within a few minutes above 500°C. The timescale for evolution of 
photocurrent, however, is apparently much longer.  Clearly, until CZTS has crystallised, 
there will be no photocurrent; however, if we suppose that the crystallisation is complete 
within a few minutes, then there must be a subsequent process that is responsible for the 
further increase in photocurrent up to around 50 minutes.   5 
To learn more about the development of photoactivity with sulfurisation time, a 
further series of samples was prepared with a range of sulfurisation times, and EQE 
measurements were made.  At sulfurisation times less than 2 minutes, the EQE response 
was too weak to be recorded, but after that period the response was sufficient to yield a 
clear spectrum.  The spectra of four representative samples, corrected for reflection and 10 
absorption of the measurement cell and electrolyte, are shown in Figure 5.16(a). The 
band edge is clearly seen at around 1.4 eV, and the EQE rises towards a maximum at 
around 3 eV.  The size of the band gap immediately indicates the presence of CZTS, in 
accordance with XRD and Raman data, since none of the possible secondary phases have 
similar band gaps.  The magnitude of the EQE in the best case is very promising, reaching 15 
about 65% at the peak.  The reduction in EQE above 3 eV is indicative of light absorption 
by a higher-gap covering layer, which could indicate the presence of ZnO (formed from 
ZnS phases under the conditions of the electrochemical measurement). The predicted 
short current densities under AM1.5G illumination for the entire series are shown in 
Figure 5.16(b).  20 
 
 
Figure 5.16. (a) EQE spectra of samples sulfurised for different times, recorded in 0.2M Eu(III) solution at a 
potential of -1.0V vs. Ag|AgCl; and (b) the predicted AM1.5 current density calculated from the spectra. 
Other sulfurisation conditions: 580°C, 700 mbar, 20 mg S. 25 
(a) (b) 
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The pattern of  current densities predicted from the EQE spectra is the same as that of 
the photocurrents measured under white light illumination shown above in Figure 5.15. 
The two are superimposed in Figure 5.17, where the uncalibrated measurements in the 
latter case have been adjusted by a constant factor. The EQE data suggest that the peak 
in photocurrent might be reached a little earlier, after around 30 minutes as opposed to 5 
50 minutes. 
 
Figure 5.17. Photocurrent densities from white-light measurements of one set of samples (Figure 5.15) 
superimposed on and those predicted from EQE measurements on a different set (Figure 5.16(b)), 
showing the same trend in both cases. 10 
In order to test whether the rise of photocurrent up to 30 – 50 minutes is in fact 
due to a continued reaction with S vapour, the following experiment was carried out: one 
sample was sulfurised as normal for a period of 30 minutes. Two more identical samples 
were sulfurised together for five minutes only and then removed from the furnace. One 
of these samples was then further heated under the same conditions but without S, for a 15 
further 25 minutes.   
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Figure 5.18. EQE spectra showing that the role of S during sulfurisation is over after around 5 minutes – 
see text for explanation. Recorded in 0.2M Eu(III) solution at a potential of -1.0V vs. Ag|AgCl. 
EQE spectra for these three samples, corrected for reflection and absorption of the 
measurement cell and electrolyte, are shown in Figure 5.18.  The figure shows that, as 
expected from Figure 5.15, the sample sulfurised for 5 minutes was worse than the 5 
sample sulfurised for 30 minutes. However, the sample sulfurised for five minutes and 
then heated without sulfur for a further 25 minutes was essentially the same as the 
sample that had been sulfurised continuously for 30 minutes.  This shows that the 
photocurrent continues to develop simply as a result of the elevated temperature, and 
that after around five minutes (or less), the presence of S is no longer necessary.  If the 10 
long sulfurisation times usually seen in the literature are to be reduced, we must 
understand the nature of the processes that limit the rate of formation of active material, 
even though CZTS itself has formed very early on.   
5.5.2 The evolution of band gap with sulfurisation time 
The band gaps of the series of samples sulfurised for different times were derived from 15 
the EQE spectra, as shown in Figure 5.19, and are plotted as a function of sulfurisation 
time in Figure 5.19(b).  
  
Figure 5.19. (a) Plots constructed to derive band gaps from the onset of EQE spectra. (b) Band gaps 
plotted as a function of sulfurisation time. The dashed line in (b) is added as a guide to the eye. 20 
 
The evolution of the band gap is interesting; starting from a value of 1.45 eV, it 
drops quickly and passes through a minimum of around 1.42 eV after 15 minutes of 
sulfurisation, before rising to a limiting value of around 1.55 eV, the latter change 
occurring over a much longer timescale.  In order to check that this trend was real and 25 
(a) (b) 
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not due to scatter in the data, another series of samples was prepared, sulfurised under 
the same conditions (with a different set of sulfurisation times) and the measurement 
was repeated.  The band gap values for this series are shown in Figure 5.20(a), and they 
do indeed show the same trend. In this case, the initial band gap and minimum value are 
lower, about 1.38 and 1.37 eV respectively, and the minimum occurs sooner, but the 5 
band gap at longer times still converges to 1.55 eV.  The spread of band gaps covers 
almost the entire range that has been reported in the literature for CZTS. 
The flat-band potentials, Efb, were measured for this set of samples from EQE-
potential plots, and are shown in Figure 5.20(b). Initially Efb drops and rises within the 
space of 20 minutes, but remains constant after that time, at around -0.44 V vs. Ag|AgCl, 10 
meanwhile the band gap continues to increase. This suggests that the initial changes in 
band gap are accommodated by a shift in the valence band, and thereafter it is the 
conduction band that rises. 
 
Figure 5.20. (a) Band gaps plotted as a function of sulfurisation time for a separate set of samples, 15 
showing the same trend as those in Figure 5.19(b). The dashed line is added as a guide to the eye. Other 
sulfurisation conditions: 580°C, 700 mbar, 20 mg S. (b) Flat-band potentials for the same sample series. 
 
5.5.3 Changes in the space charge region width and acceptor density  
Several approaches for determining W and Na were described in Section 5.2 of this 20 
chapter: estimation from the slope of the EQE spectrum onset, from the slope of the EQE-
bias plot at high chopping frequencies, and from measurements of capacitance.  All three 
methods gave similar results in most cases.  The acceptor concentration as a function of 
sulfurisation time is shown in Figure 5.21(a), as measured by capacitance and EQE as a 
function of electrode potential.  The initial value is very high, around 2–3 x 1017cm-3 after 25 
(a) (b) 
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3 minutes of sulfurisation, but it drops rapidly. Na appears to reach a minimum after 
around 50 minutes of sulfurisation.   
 
Figure 5.21. (a) Acceptor concentration measured using both capacitance-bias (open symbols) and high-
frequency EQE-bias measurements (filled symbols), as a function of sulfurisation time. (b) Values of the 5 
space charge region width (open symbols) as a function of sulfurisation time, compared to the average 
grain diameter (filled symbols) for the same samples.   
The size of the space charge region, W, is plotted in Figure 5.21(b).  W is initially very 
small, less than 100 nm for a sulfurisation time of 3 minutes. Most of the incident light 
will penetrate beyond this distance, which explains the initially low value of current 10 
density. In Figure 5.21(b), the average grain diameter estimated from SEM images is also 
shown. Note that the grain diameter was measured using a ‘plan view’, whereas W 
extends into the depth of the film, but we can assume that, for grain sizes less than the 
thickness of the film (approx. 1 μm), the grains are roughly cubic.  At first, W is much 
smaller than the grain diameter. Between 3 and 50 minutes of sulfurisation time, W rises 15 
quickly, due to the drop in acceptor concentration, Na. The rate of increase in grain 
diameter is much slower, and, interestingly, it seems that W may become limited by the 
grain size by around 50 minutes of sulfurisation since the initially high rate of its increase 
is cut short when W gets close to the grain size.  At long sulfurisation times, Na has risen 
and W dropped again. This is perhaps due to oxidation or element loss creating new 20 
defects. 
5.5.4 Explaining the change in current density as a function of sulfurisation time 
We are now in a position to explain the observed changes in predicted AM1.5 current 
density, Jsc, as a function of sulfurisation time in this investigation.  Jsc was seen to 
(a) (b) 
Jonathan J. Scragg, supervised by Prof. Laurie M. Peter 
- 212 - 
increase rapidly to reach a maximum value at around 30 – 50 minutes of sulfurisation. 
After that, it gradually decreased (see Figure 5.17).   
Of course, the first process that must occur for photocurrent to be seen is 
crystallisation of CZTS. Findings here and elsewhere [18] show that the CZTS phase forms 
very rapidly indeed, and, consistent with this, a well-defined EQE spectrum with a band 5 
gap matching that of CZTS could be recorded after just a few minutes of sulfurisation. 
Interestingly, the photocurrent continued to improve in samples that were further heated 
in the absence of sulfur. This important result means that the processes that give rise to 
good photocurrent in CZTS, at least in this investigation, are not related to the presence 
of S beyond its role in the initial formation of CZTS.  After formation of CZTS, the increase 10 
in Jsc occurred as a consequence of a drop in the acceptor concentration, leading to a 
wider space charge region and therefore more effective carrier collection. By around 30-
50 minutes of sulfurisation, the acceptor concentration had reached a minimum and 
there were no further improvements in Jsc.  The decreasing part of the Jsc curve at longer 
sulfurisation times seems to arise simply as a result of the observed band gap changes: an 15 
increasing band gap leads directly to lower current density because fewer photons are 
collected.  This is not necessarily detrimental to the efficiency of a photovoltaic device, 
because in principle there is a simultaneous increase in the open circuit voltage (see 
section 5.2.9). One limitation of the photoelectrochemical approach is that no measure of 
the open circuit voltage is made, so this cannot be verified here.  Figure 5.22(b) shows 20 
that the decrease in Jsc at sulfurisation times above around 30 minutes is exactly in line 
with that which would be expected based purely on an increasing band gap.  
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Figure 5.22. Predicted predicted AM1.5 current density for the series of samples sulfurised for different 
time periods plotted against their band gap. The dashed line indicates the expected effect of band gap 
variations on Jsc, and the labels indicate the sulfurisation time used, in minutes. 
 Through its effect on the space charge region width, the acceptor concentration 5 
seems to be critical in determining the performance of the absorber layer.  Therefore the 
sulfurisation time required to reach the maximum photocurrent was simply defined by 
the rate of decrease of the acceptor concentration. This is a key observation, because it 
implies that if the acceptor concentration is the only factor limiting the rate of 
photocurrent improvement, then shorter sulfurisation times will be possible if we can 10 
control the acceptor density that initially arises in the films. In order to do that, we need 
to establish (a) the nature of the acceptor states, (b) why the concentration of acceptor 
states decreases over time, and (c) if the high density of acceptor states is inherent to 
CZTS, or whether it is dependent on, for example, composition or fabrication method.  
The nature of the acceptor states is a matter beyond the scope of this investigation and 15 
much further work is required to elucidate this in CZTS.   
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5.6 The effect of background pressure during sulfurisation 
In Chapter 3 it was shown that the sulfurisation background pressure had a strong 
influence on grain size and orientation, which both increased at lower pressures.  The rate 
of emergence of sulfide phases was seen to be lessened at lower pressures, due to an 
effective reduction in the partial pressure of S vapour within the graphite container.   5 
Bearing these effects in mind, samples were sulfurised at a range of background 
pressures while keeping the other conditions constant (580°C for 40 minutes) and their 
EQE spectra were measured. These spectra and the derived values of current density 
under AM1.5G illumination are shown in Figure 5.23(a) and (b).  
 10 
Figure 5.23. (a) EQE spectra for a series of sample sulfurised at different pressures. Other sulfurisation 
conditions: 580°C, 40 minutes, 20 mg S. Recorded in 0.2M Eu(III) solution at a potential of -1.0V vs. 
Ag|AgCl. (b) Predicted current density under AM1.5G illumination as a function of sulfurisation 
background pressure. 
There is a clear relationship between sulfurisation pressure and predicted current density.  15 
Very poor currents are obtained at low pressures, but higher pressures lead to much 
better values. There is also a drop in Jsc at the highest pressure used here. 
The space charge region width was estimated from the slope of the EQE onset, 
and used to calculate values of Na.  The results for both parameters are shown in Figure 
5.24 (a) and (b). Figure 5.24 (a) also shows the average grain size estimated from SEM 20 
images.   
(a) (b) 
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Figure 5.24. (a) Space charge region width and average grain diameter as a function of sulfurisation 
pressure. (b) Acceptor concentrations derived from the values of the space charge region width. 
We see a similar relationship between W and grain size as in Section 5.5.3: the 
space charge region approaches, but never exceeds the grain size. In the pressure range 5 
30 – 600 mbar W increases; meanwhile the grain size is rapidly dropping.  The two meet 
at around 600 mbar, and when the grain size continues to drop at higher pressures, W 
now drops with it.  Note that when W is being limited by the grain size, Na will be 
overestimated by every technique employed herein.   
The variation in Jsc, Figure 5.23(b), is simply related to the changes in acceptor 10 
concentration. The reason for the high acceptor concentration at lower pressures, leading 
to a poor Jsc, could be related to incomplete sulfurisation or element losses by 
evaporation – Zn from the precursor or SnS from the sulfurised film – creating defects in 
the film. Both loss processes were seen in Chapter 4. 
 15 
Figure 5.25. (a) Derivation of band gaps from the EQE spectra of samples sulfurised at different pressures. 
(b) Band gap as a function of sulfurisation pressure. 
(a) (b) 
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The band gaps of the sample series were derived from the EQE spectra, as shown in 
Figure 5.25(a), and are presented in Figure 5.25 (b).  There is a smooth trend in band gap 
between two limiting values, 1.56 and 1.45 eV. Interestingly, these values are similar to 
the extreme values seen for the series of samples sulfurised for different times in Section 
5.5.2.   5 
 
5.7 The effect of sulfurisation temperature 
A series of samples were prepared with different sulfurisation temperatures in the range 
500 – 600°C. The sulfurisation time and background pressure were 45 minutes and 600 
mbar respectively.  The sample photocurrent density was measured under chopped 10 
illumination from a white LED, and is shown in Figure 5.26. There is a reasonably strong 
dependence upon sulfurisation temperature, probably linked to an increase in the rate of 
a thermally activated process.  Since the sulfurisation time used here is much greater than 
the time required to form the CZTS phase, the effect should not be related to the actual 
formation reactions of CZTS, but could be due to, for example, an increased rate of grain 15 
growth leading to a larger space charge region as discussed above.  This possibility was 
not investigated at this stage of the experimental work.  It appears that the photocurrent 
has almost reached a maximum at 600°C, but the temperature could not be increased 
further due to softening of the SLG substrates.  
 20 
Figure 5.26. Photocurrent density measured under white light illumination for a series of samples 
sulfurised with different temperatures. Other conditions: 700 mbar, 45 minutes, 20 mg S. 
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5.8 The effects of Cu-content 
This section concerns the opto-electronic properties of the series of samples discussed in 
Chapter 4 which had variable Cu-content, as well as an additional series of samples that 
was prepared in order to provide more data.  
The compositions of the samples before and after etching are shown in Figure 5 
5.27 (a) and (b).  The sulfurised samples are spread through the Cu-poor, Sn-rich and Zn-
poor sections of the diagram. After etching, they are all within the Cu-poor or Sn-rich 
regions. It was seen in Chapter 4 that, while the compositions of the films were very 
similar after etching, some properties, for example grain size, were very different, 
because they depended on the amount of Cu that was present before etching (i.e. the 10 
amount that was present during film growth). The only role of etching was to remove 
surface phases, which can act as recombination centres. Therefore, while it is quite 
necessary to etch the samples in order to reveal the true opto-electronic properties of the 
underlying film, the properties themselves depend primarily upon the sample 
composition during sulfurisation, not the composition after etching. In the following 15 
discussion and data presentation, the Cu/(Zn+Sn) ratio during sulfurisation will be used as 
a metric.  
 
 
Figure 5.27. Compositions of the samples (a) after sulfurisation and (b) after etching.  20 
 
(a) (b) 
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EQE spectra for selected samples, corrected for reflection and absorption of the 
measurement cell and electrolyte, are shown in Figure 5.28(a).  The EQE spectra are 
highest for the samples that had compositions in the Cu-poor or Sn-rich regions of the 
phase diagram prior to etching, and lower for those that were in the Zn-poor region.  
 5 
Figure 5.28. (a) EQE spectra for a series of samples with different Cu/(Zn+Sn) ratios. The labels indicate 
this ratio before/after etching. Recorded in 0.2M Eu(III) solution at a potential of -1.0V vs. Ag|AgCl. (b) 
Predicted current densities as a function of Cu-content in the sulfurised film, showing the approximate 
positions of some tie-lines in the ternary phase diagram. 
The EQE spectra in Figure 5.28(a) were used to compute the expected current 10 
density, Jsc, that would be produced from the samples under standard AM1.5G 
illumination.  The resulting values of Jsc are plotted in Figure 5.28(b).  Although there is 
scatter in the data, there is a clear trend towards lower Jsc values for the films in the Zn-
poor region of the phase diagram, i.e. those that had Cu-Sn-S secondary phases present 
before etching.  It should be noted that none of the samples fell into the Cu-rich region, 15 
where Cu2S is the only secondary phase expected, so unfortunately it is not known 
whether there would be different behaviour in that case.  
The reason for the lower performance of the Zn-poor films is very likely related to 
the presence of the Cu-Sn-S phases that occur in these samples. These phases are 
removed by KCN etching, but there are two possible mechanisms by which the EQE of the 20 
etched film can be affected: firstly, with reference to the SEM images in Section 4.5.4, it is 
apparent that etching leaves ‘scars’ that cover the Zn-poor films and cause a severe 
reduction in the area of active material, whereas the EQE analysis so far assumes that the 
entire illuminated area is uniform. This would cause a general reduction in EQE at all 
wavelengths.  Secondly, any particles of Cu-Sn-S phases that remained after etching, 25 
(a) (b) 
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either because etching was incomplete or because they were inaccessible to the etchant, 
will act as recombination centres and reduce carrier collection for all wavelengths.  This 
means that the predicted AM1.5 current density, while a good indicator of overall film 
quality, is not a good indicator of the properties of the bulk photoactive material.  The 
band gap estimated from the EQE spectrum is not affected by these issues, and therefore 5 
does tell us something fundamental about the material.  The band gaps were estimated 
from the EQE spectra, as indicated in Figure 5.29(a), and are shown in Figure 5.29(b). For 
samples in the Zn-poor region, the band gap is around 1.55-1.60 eV, while for samples in 
the Cu-poor region, it is about 0.1 eV lower. 
 10 
Figure 5.29. (a) Derivation of the band gaps for selected samples with different Cu/(Zn+Sn) ratios. The 
values of Cu/(Zn+Sn) before and after etching are indicated. (b) Band gap as a function of Cu/(Zn+Sn) 
ratio in the sulfurised film, showing the approximate positions of some tie-lines in the ternary phase 
diagram.  
 15 
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5.9 Observations on trends in the band gap of Cu2ZnSnS4 films 
A consistent feature observed when changing the sulfurisation conditions and 
composition was a shift in the band gap of the CZTS films.  A histogram of all the band 
gaps mentioned in this report (41 samples in total) is shown in Figure 5.30. The tails of the 
distribution extend from 1.38 to 1.62 eV, but most samples are within the range 1.44 to 5 
1.56 eV. The variation in band gap values within this investigation encompasses the entire 
range of values reported in the CZTS literature.   
 
Figure 5.30. Histogram showing the distribution of band gap values measured in this investigation. 
Apart from the large spread of band gap values, there are clear trends when changing, for 10 
example, sulfurisation pressure or time while keeping other variables constant. Smooth 
transitions between limiting values of about 1.4 and 1.55 eV are observed. This shift is 
considerable, and requires some explanation. Suggestions of trends can be found in the 
literature, with larger band gaps being seen for those films sulfurised with higher 
temperatures [135], lower pressures [137] and for longer times [11], but to the best of 15 
our knowledge at the time of writing, this investigation provides the clearest evidence so 
far for rational changes in the band gap as a function of composition and sulfurisation 
conditions.  The key figures from Sections 5.5-5.8 are reproduced below.   
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Figure 5.31. Variations in band gap as a function of (a), (b) the sulfurisation time, (c) the sulfurisation 
pressure and (d) the composition of the sulfurised films. 
Note the similarity between the extremes of band gap in each figure. Two hypotheses are 5 
now presented, each of which can, to a greater or lesser extent, explain these trends. 
Further work is required to test each hypothesis, and suggestions are made as to how this 
could be carried out. 
5.9.1 Hypothesis A: A kesterite-stannite solid solution 
The two different crystal structures for CZTS, kesterite and stannite, have similar energies.  10 
Although kesterite is the thermodynamically stable phase, stannite is calculated to be 
only slightly higher in energy.  Both experimental observations of the Cu2FexZn1-xSnS4 
series [89, 145, 146] and calculations of CZTS lattice energies [91-93] point to the 
existence of a ‘solid solution’ between the two phases, with stannite existing as a 
metastable phase.  Although the perfect structures of kesterite and stannite have 15 
different space groups (I   and I  2m respectively), the disordered kesterite structure, 
which has a random arrangement of Cu and Zn atoms on their shared planes, also has the  
(a) (b) 
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I  2m space group. Therefore a solid solution between metastable stannite and 
disordered kesterite is possible in principle. Note that this is a special case of a solid 
solution, since there is only structural as opposed to compositional variation.   
The change in band gap throughout a solid solution is well-documented in many 
cases.  Examples from the literature are shown in Table 5.III.  The band gap in each case 5 
varies smoothly between the values of the two end members.  The form of the variation 
is in general parabolic, and in certain cases there is a minimum in the band gap that is 
lower than either of the end members of the solid solution. This so-called ‘bowing’ 
behaviour is seen when both the valence and conduction bands shift in different 
compositional ranges of the solid solution.  10 
Solid solution Eg (x = 0) [eV] Eg (x = 1) [eV] Eg, min (x) [eV] Source 
Cd1-xZnxTe 1.5 2.25 - [147] 
CdTe1-xSx 1.5 2.4 1.34 (0.3) [148] 
Cu(In1-xGax)Se2 1.0 1.64 - [149] 
CuIn(Te1-xSex)2 0.95 0.95 0.85 (0.5) [149] 
Table 5.III. Band gaps, Eg, for the end members of some solid solutions, and the minimum value, Eg,min 
found within the range of the solution at a given value of x. 
Returning to CZTS, band gap values have been calculated for the kesterite and 
stannite forms of CZTS, and are shown in Table 5.IV. The agreement between the 
calculated values for kesterite and stannite and the maximum and minimum values 15 
measured in this work (Figure 5.31) is striking.  Were a kesterite-stannite solid solution to 
exist, we can expect a smooth change in band gap as a function of the extent of cation 
ordering.  We now attempt to apply this theory to each of the trends in Figure 5.31 (a) – 
(d) in turn. 
Source Eg(Stannite) [eV] Eg (Kesterite) [eV] Difference [eV] 
[91] 1.38 1.50 0.12 
[92] 1.42 1.56 0.14 
[93] 1.295 1.487 0.192 
Table 5.IV. Band gap values calculated for kesterite and stannite. 20 
 
First, the change in band gap as a function of sulfurisation time will be examined.  
In the early stages of sulfurisation, we see a lower band gap, 1.37 – 1.42 eV, which slowly 
rises towards a limiting value of around 1.55 eV at long sulfurisation times.  The limiting 
values are in very good agreement with the predicted values for the stannite and 25 
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kesterite phases.  Therefore we propose that under the conditions of this study, the first 
phase to form is in fact stannite. Although it is not the thermodynamically most stable 
phase, it may nevertheless be the kinetic product of the rapid formation of CZTS.  Once it 
has formed, however, due to the lower energy of the kesterite phase, there is a driving 
force for conversion from stannite to kesterite. The energy difference, and therefore the 5 
thermodynamic driving force, is small, and there may also be an energy barrier to 
overcome to achieve the transition; however at an elevated temperature and given a long 
enough period of time, a process of cation rearrangement will lead to the thermodynamic 
product, the kesterite phase.  During the structural transition, the band gap smoothly 
changes in relation to the extent of cation reordering.  This then, is what happens over 10 
the approx. 2 hour period at 560°C covered in Figure 5.31(a) and (b).  That the band gap 
actually passes though a minimum in the early stages of the process would be an example 
of the commonly observed bowing behaviour in solid solutions, as seen in Table 5.III. The 
band gap calculated for an intermediate (albeit still ordered) kesterite-stannite structure 
was 1.07 eV, which lends support to this possibility [93]. 15 
When a sample in the above-mentioned series was sulfurised for 40 minutes, the 
band gap was around 1.47 eV.  The sulfurisation was done at a background pressure of 
700 mbar and the samples were Cu-poor. In the cases of lower pressures and high Cu 
content, higher band gaps, around 1.56 eV, are seen for the same sulfurisation time.  
There are two possibilities: (1) that under these conditions the structural transition from 20 
stannite to kesterite is more rapid, or (2) that due to a different reaction mechanism 
under these conditions, the kesterite phase is the direct product of the sulfurisation 
reaction.   In support of (2), the formation reactions in the cases of lower pressure and 
high Cu-content are clearly very different from those in the Cu-poor, higher pressure 
scenarios, since significantly larger grains were observed (see Section 4.5).  It could 25 
therefore simply be the case that under these conditions kesterite is formed directly, 
resulting in the larger band gap.  The reason proposed for the smaller grain size at higher 
pressures was the presence of secondary phases pinning grain boundaries. It is possible 
that these could also affect the rate of transformation between stannite and kesterite.  
The strengths of this hypothesis are that it can completely explain the band gap 30 
variation as a function of sulfurisation time, as well as account for the large range of band 
gaps observed in the literature. The extremes of band gap match well with those 
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predicted by computational models, and the presence of a solid solution of kesterite and 
stannite is very likely based on the available evidence.  However, to date there is no 
experimental verification of the stannite structure in CZTS thin films to lend support to 
the theory, which is its main weakness. Explanation of the band gap shifts when 
composition and pressure are altered is also more difficult with this hypothesis.   5 
In terms of experimental verification, differentiation of the stannite phase from 
the kesterite phase in CZTS films should be possible by the use of neutron scattering.  
Since the transformation is proposed to occur due only to elevated temperatures, an in-
situ neutron scattering experiment using a heated chamber would be an elegant way of 
testing the hypothesis. In addition, computer simulations of a solid solution of kesterite 10 
and stannite structures may help to explain the behaviour. More evidence obtainable 
using the techniques from this investigation would be the effect of sulfurisation time on 
band gap at low pressure or for samples with higher Cu-content. 
In terms of implications for the production of thin film devices, there is no reason 
at this stage to favour either kesterite or stannite. However the possibility of adjusting the 15 
band gap only by a suitable thermal treatment rather than a compositional change is very 
interesting, and could provide a useful tool in device optimisation.   
5.9.2 Hypothesis B: A Cu2ZnSnS4-Cu2ZnSn3S8 interaction 
 A further possibility that fits the available data is that a Sn-containing secondary 
phase may influence the opto-electronic properties of the film.  This possibility is 20 
suggested because in all of the experiments here there is a correlation between the 
presence of excess Sn and the appearance of lower band gaps.  The relationship is shown 
in Figure 5.32 for two adjacent sections of the ternary phase diagram, connected by the 
CZTS-Cu2ZnSn3S8 tie line.  The data shown in Figure 5.32(a) are for the samples sulfurised 
at different pressures and those sulfurised for different time periods. The data in Figure 25 
5.32(b) are for the samples that had different Cu-content.  Following the trend from left 
to right, the band gap is initially about 1.55eV at the edge of the CZTS-ZnS two-phase field 
(this boundary is the one defined in Section 4.8.2).  As the samples move into the three 
phase field, where Cu2ZnSn3S8 should be formed, the band gap decreases to a minimum 
value of 1.38 eV, before rising again as the CZTS-Cu2ZnSn3S8 two-phase field is 30 
approached. This rising trend can be seen to continue on the left-hand side of Figure 
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5.32(b). After the samples move out of the CZTS-Cu2ZnSn3S8 two-phase field, the band 
gap remains more or less constant, again at about 1.56 eV. 
 
 
Figure 5.32. Correlation between band gap and position in the ternary phase diagram, plotted along two 5 
sections of the diagram and intersecting at the bold dashed line.  Labels and narrow dashed lines indicate 
the two-phase fields where CZTS is formed alongside a single secondary phase. The spaces between are 
three-phase fields. (a) Samples from the sulfurisation pressure (open circles) and sulfurisation time (filled 
circles) series, (b) samples from the Cu-content series. 
Although the phase diagram does not indicate a solid solution between CZTS and 10 
Cu2ZnSn3S8, there may be a non-equilibrium mixture that nevertheless influences the 
material properties. At longer times or at lower pressures, the amount of the Sn-
containing secondary phase is reduced due to evaporation, so the band gap of the pure 
kesterite phase is expressed.  When the Cu content is higher, there ought to be no Sn-
excess, which is why the films that were in the Zn-poor region of the phase diagram 15 
during sulfurisation also had higher band gaps.   
 This hypothesis is much weaker because of the lack of experimental data about 
Cu2ZnSn3S8.  It would at least be possible to rule out the mechanism by producing films in 
the Zn-rich or Sn-poor regions of the phase diagram and repeating the measurement of 
band gap as a function of sulfurisation time: if the same shifts in band gap were observed 20 
for samples which should not in principle contain any Sn-excess, then the hypothesis can 
be rejected.  In this instance the correlation between Sn-content and band gap may be 
attributable to a third variable upon which both factors depend.  
(a) (b) 
Zn-rich Cu-poor Sn-rich Zn-poor 
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Conclusions 
Whereas Chapter 4 was concerned with the effects of sulfurisation conditions and 
precursor composition upon structural properties of the films, this chapter was 
concerned with the effects of those same variables upon the opto-electronic properties of 
the films.  A straightforward photoelectrochemical approach was utilised to make 5 
measurements of the photocurrent arising from CZTS films.  Measurements as a function 
of illumination wavelength were used to generate external quantum efficiency (EQE) 
spectra, from which values of the band gap of the films were derived.  In general, good 
EQE spectra were recorded, with peak values up to 80% and well-defined band edges. The 
impurity concentration and predicted short-circuit current density under standard AM1.5 10 
illumination were also derived.   
 Etching in KCN was found to be particularly important to get good photocurrent 
responses from the films, especially if they were Zn-poor/Cu-rich.  
 The effects of sulfurisation time and pressure upon opto-electronic properties 
were studied for Cu-poor films. The photocurrent in most instances was dependent on 15 
the acceptor concentration of the films. Apart from the initial formation of CZTS, the 
photocurrent did not depend upon the presence of S vapour; it depended only upon the 
time for which the sample was heated.  The increase in photocurrent occurred over a 
period of around 30-50 minutes of heat treatment, and was simply correlated to a 
decrease in acceptor concentration, as measured by two different techniques.  When 20 
pressure was the variable, the acceptor concentration was higher at low pressures, which 
may have been related to element losses or incomplete conversion of the sample.   
 The behaviour of films with higher Cu-content was dominated by the presence of 
Cu(-Sn)-S secondary phases. These were removed by etching but the post-etching 
morphology was very poor, which may have affected the optical properties of the films. 25 
The main result of this study was the demonstration of smooth band gap 
variations as a function of sample composition and sulfurisation conditions.  In the case of 
sulfurisation time, the data showed a clear trend: the band gap started from about 1.4 eV, 
passed through a minimum after about 10-15 minutes of sulfurisation and then rose 
gradually to 1.55 eV.  The band gap also varied between similar extremes when the 30 
pressure and Cu-content were varied: higher band gaps were seen at low pressures and 
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for films with higher Cu-content.  Two hypotheses were presented that could explain the 
observations, and suggestions were made to test them. The first hypothesis was a 
fundamental structural rearrangement of the CZTS phase between stannite and kesterite, 
which have been shown theoretically to have different band gaps.  The second hypothesis 
concerned the possibility that a Sn-containing secondary phase was responsible for 5 
affecting the optical properties of the film. 
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Chapter 6. Conclusions & recommendations for further studies 
 
The main aim of this project was to demonstrate the formation of viable 
Cu2SnSnS4 (CZTS) films from the sulfurisation of electrodeposited stacked films of Cu, Sn 
and Zn. The development of an electrodeposition route for ‘stacked elemental layer’ (SEL) 5 
precursor was described in Chapter 2.  The route allows relatively good control of 
precursor composition, and compositional uniformity was achieved by the use of a 
rotating disc electrode system.  Mo|Cu|Sn|Cu|Zn stacked films were produced as CZTS 
precursors, and were converted to CZTS films by sulfurisation in a rapid thermal 
processing system (RTP), which was described in Chapters 3.  The use of rapid thermal 10 
processing has enabled some time-resolved studies of film formation to be carried out, 
and in Chapter 3 a model was proposed for film formation when fast heating rates are 
employed. 
The rest of this investigation concerned the effects of sulfurisation conditions and 
precursor composition upon the observable properties of the film.  Chapter 4 was 15 
concerned with the structural properties of the films: morphology (particularly grain size), 
the likely secondary phases present, and the changes in composition induced by element 
losses during sulfurisation and KCN etching. Chapter 5 was concerned with the opto-
electronic properties of the same films.    
The vast majority of reports concerning production of CZTS films have used two-20 
stage processes: a precursor, which contains the metallic elements (and in some cases 
also the chalcogen), is heated in an atmosphere of S vapour or H2S to induce 
crystallisation of CZTS.   In this respect, the method used herein is relevant to much of the 
work carried out on CZTS.  Part of the motivation for the current study comes from two 
as-yet unexplained observations common to the CZTS literature. These are (a) the 25 
apparent need for long sulfurisation times and (b) the preference for Cu-poor/Zn-rich 
compositions. As has been emphasised, long sulfurisation times (up to 8 hours) are 
routinely used, but until now there has been no dedicated study of the effect of changing 
the sulfurisation time on the properties of the CZTS film.  In terms of composition, the 
best devices in the literature are usually described as ‘Cu-poor’ and ‘Zn-rich’, although 30 
under the definition of composition labels used in this project, they are more often simply 
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Zn-rich.  There have been a few attempts to study the influences of composition on film 
properties, but much more must be done to understand the relationship between 
composition and device efficiency. 
Part of the difficulty in understanding the effect of sulfurisation conditions and 
sample composition is that the two are causally linked: the choice of sulfurisation 5 
conditions affects the composition by element loss processes, and therefore the 
composition changes as a function of sulfurisation time or pressure. In addition, the 
composition of the precursor also affects the formation processes leading to CZTS, for 
example the rate of grain growth is enhanced with a higher Cu-content, and so the 
required sulfurisation conditions may change. 10 
To conclude this report, we will discuss the conditions that gave rise to the better 
material in the present case, compare these to the CZTS device literature, and finally 
make some recommendations for further studies.   
6.1 The role of sulfurisation conditions 
In this study, the effects of changing sulfurisation conditions were investigated 15 
using Cu-poor samples (Cu/Zn+Sn ~ 0.8, Zn/Sn ~ 1).  This was because Cu-poor samples 
have been repeatedly found to give better devices.  
The first point to make is that this study found no evidence that long sulfurisation 
times are inherently important for CZTS. Chapter 3 showed that CZTS emergence was 
fast, in agreement with the kinetic studies of Weber et al  [18]. Chapter 4 showed that 20 
there were no changes in the phase structure, as measured by XRD and Raman 
spectroscopy, after the first few minutes of sulfurisation.  The only visible effects of 
longer sulfurisation times were a continual increase in grain size over a period of several 
hours, and the evaporation of a Sn-containing secondary phase aver a period of about 30 
minutes (at 560°C, 700 mbar).  It was also found in that chapter that S vapour was 25 
resident in the hot zone of the furnace for at most five minutes.  In terms of the opto-
electronic properties, the external quantum efficiency (EQE) spectra continued to 
improve up to until 30-50 minutes of sulfurisation, as seen in Chapter 5.  It was shown 
there that this rise was independent of the presence of S vapour: samples heated in the 
absence of S (after an initial short sulfurisation) also showed the same improvement in 30 
EQE.  The changes in EQE were mainly due to changes in acceptor concentration, and 
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occurred over the same timescale as the changes in composition. This is a key result, 
because it suggests that if the acceptor density can be controlled, possibly by 
compositional control, then the sulfurisation time can be reduced such that true rapid 
thermal processing is a possibility. 
The effect of sulfurisation background pressure was also examined, but was 5 
closely tied to the geometry of the sulfurisation system used herein. Lower pressures 
resulted in lower partial pressures of S vapour, which reduced the rate and extent of 
sulfurisation. The defect density of films sulfurised with low background pressures was 
high, giving them poor opto-electronic properties.  
The key themes that emerged from the study of sulfurisation conditions were 10 
variations in (a) composition, (b) grain size and (c) band gap.  The composition changed as 
a result of evaporation of elemental Zn from the precursor and, it is thought, SnS from 
decomposition of other sulfide phases.  The former happens in the initial stages of 
heating before reaction with S. The latter manifests itself in two ways: (i) bulk 
decomposition of CZTS at pressures lower than 10 mbar, causing an accelerating loss, and 15 
(ii) decomposition of Sn-containing secondary phases, which could be SnS2 or Cu2ZnSn3S8, 
even near atmospheric pressure. In the latter case loss of Sn is finite. 
The grain size was correlated to the above-mentioned changes in Sn content, i.e. 
grains were larger at lower pressure and at longer times, when the Sn excess was the 
least. 20 
The variations in band gap were considerable, but the trends were clear: higher 
band gaps were found after long sulfurisation times and at lower pressures.  The reasons 
for this are not obvious, but two hypotheses were presented that can to a greater or 
lesser extent account for observations. The first hypothesis was a fundamental structural 
rearrangement of the CZTS phase between stannite and kesterite, which have been 25 
shown theoretically to have different band gaps.  The second hypothesis concerned the 
possibility that a Sn-containing secondary phase was responsible for affecting the optical 
properties of the film. The recently reported Cu2ZnSn3S8 phase is one candidate for this, 
and is analogous to some ‘ordered vacancy compounds’ seen in CuInS2 and CuInSe2. 
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The results in this report do not explain the apparent requirement for long 
sulfurisation times in two-stage processes for CZTS films.  Possible reasons for the 
differences include: 
(1) The differences in sulfurisation conditions used here compared to those 
elsewhere: commonly slow heating and cooling rates are employed, and a 5 
continuous source of S is supplied from a H2S atmosphere.  Here, we used rapid 
heating, and the S source left the hot zone after around 5 minutes.  It would be 
interesting to compare the effects of the different sulfurisation processes upon 
identical precursors. 
(2)  The differences in methodology for measuring sample properties. In the vast 10 
majority of cases, CZTS films are made into complete devices, by addition of CdS 
and ZnO n-type layers, before their opto-electronic properties are measured. The 
device performance depends strongly on the interface between CZTS and CdS. 
This investigation found considerable variations in the CZTS band gap, which may 
affect this junction. The photoelectrochemical measurement does not rely on a 15 
convenient band alignment, so would not be affected in the same way.  
Measurements of the band gap and photoelectrochemical performance of films 
should be compared to the performance of the same films in devices. 
 
6.2 The role of precursor composition 20 
The ternary phase diagram of Olekseyuk et al was used throughout this report, and 
provides a good reference point from which to understand the effects of sample 
composition in terms of the likely secondary phases present.  The secondary phase 
Cu2ZnSn3S8 was first suggested in the same study, and although it has not been 
experimentally confirmed in CZTS films, there are equivalent phases in other systems.  25 
The phase diagram is reproduced a final time below, along with the definitions of the 
composition labels in use here.  It was found in this investigation that all samples adopted 
compositions on the dotted line in the diagram after sulfurisation and etching were 
complete, and this was taken to indicate that the CZTS-ZnS two-phase region was in fact 
larger at the temperatures used here (550-580°C) than at those used to derive the phase 30 
diagram (400°C). The compositions of the best devices in the literature are also shown. It 
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is apparent that the best device compositions from the literature are within the Zn-rich 
region of the diagram, and not in the Cu-poor region, as commonly stated.  That the Cu-
content appears low is a consequence of the formation of a non-stoichiometric CZTS 
phase. The positions of the data points on the diagram indicate the formation of ZnS in 
the best devices.  5 
 
Figure 6.1. The CZTS ternary phase diagram showing definitions of compositional labels used in this 
report (left) and the compositions of reported devices (right). Reproduced from Figure 5.3. 
 
In this investigation, the effects of Cu-content were studied. It was the intention to 10 
prepare samples which spanned the Cu-poor and Cu-rich regions of the phase diagram; 
however, Zn losses during sulfurisation pushed samples into the Zn-poor region, where 
Cu-Sn-S (Cu2SnS3 and Cu4SnS4) and Cu2S phases are expected.  The secondary phases 
could be visualised with SEM imaging, and in the most Cu-rich samples Cu2S could be seen 
by XRD.  The effects of increased Cu content during sulfurisation were clear – significantly 15 
larger grains were observed. In the CuInS2 literature, larger grains are also associated with 
excess Cu due to a role of Cu2S during film growth. The difference in the case of CZTS is 
that we can have not only Cu2S but also Cu-Sn-S phases. It is not yet clear whether Cu-Sn-
S phases have a similar effect on grain size as Cu2S, but the largest grains in this 
investigation were seen where the concentration of Cu2S itself would have been highest.  20 
In the case of CuInS2, Cu2S phases segregate to the very surface of the film, and are 
removed by KCN etching. In this investigation, the secondary phases did not segregate 
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neatly but remained partially buried in the film.  KCN etching removed them, but the 
post-etching morphology was particularly poor as a result, and this dominated the film 
properties despite the favourable grain size: the EQE data were consistent with the 
presence of recombination centres (e.g. embedded Cu-Sn-S grains). Since surface 
segregation of Cu2S is complete in CuInS2, and since there appear to be many other 5 
analogies with this material, it is possible that the Cu-Sn-S phases were responsible for 
the failure of surface segregation in this instance. A supporting example was found in the 
literature, where complete surface segregation of Cu-rich secondary phases in CZTS was 
seen, in addition to large (~ 2 μm) grains  [18], although the study was not concerned with 
device fabrication. The reported composition of the sample places it within the Sn-poor 10 
region of the phase diagram, where Cu-S should be formed alongside ZnS.  Therefore we 
suggest that the surface segregation of secondary phases is only efficient for Cu-S/ZnS, 
not for Cu-Sn-S phases. Cu-Sn-S phases may be too similar to the bulk CZTS phase to 
segregate from it.  The Zn-poor region of the phase diagram should therefore be avoided.   
 15 
We can now, at least in part, rationalise the positions of the best devices on the phase 
diagram by looking at each of the compositional regions in turn: 
(1) Stoichiometric. The best devices are not in the single phase region of the phase 
diagram. This is interesting in itself, and could be either due to the preferential 
crystallisation of a non-stoichiometric phase, or to a stringent requirement to 20 
avoid certain secondary phases – presumably the Sn-bearing phases. 
(2) Zn-rich. Samples in this region should form ZnS alongside CZTS. This phase would 
be relatively benign in terms of the electronic properties of the film since it is 
effectively insulating, having a band gap of around 3.6 eV.  The model of Chapter 3 
placed excess ZnS at the top of the film, and so it should not have too much 25 
influence on film growth. 
(3) Cu-poor, Sn-rich. Precursors with compositions in these regions should form 
Cu2ZnSn3S8, which seems to decompose during sulfurisation to yield a final 
composition that is in the Zn-rich region. This could certainly happen over the 
timescale of all the sulfurisation procedures mentioned in the literature. The loss 30 
of SnS from Cu2ZnSn3S8 leaves only CZTS, and therefore this region would be 
‘second best’, after the ‘best’ Zn-rich region, because samples can migrate into the 
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Zn-rich region by loss of Sn. However the growth model of Chapter 3 predicts that 
Sn-rich phases should form at the back of the film, and therefore before 
evaporating must pass through the film. As suggested by the correlation of grain 
size and excess Sn-content in Chapter 4, this secondary phase may inhibit grain 
growth. Functioning devices are found in the Cu-poor region, as seen in Figure 6.1, 5 
but their efficiencies were low. 
(4) Zn-poor, Cu-rich. Zn-poor samples should form Cu-S and Cu-Sn-S secondary 
phases.  In this investigation these phases appeared to be harmful to the film 
properties despite the increased grain size, because of their failure to surface-
segregate. The pure Cu-rich region may yield good morphology without the 10 
harmful effects of Cu-Sn-S secondary phases, but this region is rather narrow, and 
no samples fell into it in this investigation due to evaporative losses of Zn.  In 
general therefore, compositions in or near the Zn-poor region are undesirable. 
There are no reported functional devices with compositions in these regions, to 
the best of our knowledge.  If good compositional control was available, then the 15 
Cu-rich region of the phase diagram provides the best opportunity to obtain 
single-phase CZTS, by etching away Cu-S after sulfurisation. 
(5) Sn-poor.  No functioning devices have been produced in this region, to the best of 
our knowledge. However there are some good reasons for attempting to do so. 
Firstly, compositions in this region should have only Cu-S and ZnS secondary 20 
phases, and avoid Sn-containing secondary phases. The growth-enhancing 
qualities of Cu-S (demonstrated here and elsewhere, and analogous to CuInS2) 
should still operate, without the potentially harmful effects of Cu-Sn-S phases. The 
literature example cited above suggests that surface segregation of Cu-S should be 
achieved. After etching, which would be essential in these samples, the 25 
composition would be similar to that of the best devices, but the grain size may be 
enhanced.  
 
In the current study, the importance of the phase diagram for predicting sample 
properties was not realised until after the final samples had been prepared – we point out 30 
that so far there is almost no discussion of phases other than CZTS in the literature, 
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despite the highly non-stoichiometric compositions used.  For this reason, a complete 
study of the different regions of the phase diagram was not carried out.  The loss of Zn 
from the precursors also meant that in this investigation, most samples that were 
originally in the Sn-poor region moved into the Zn-poor region instead.  Only one 
precursor fell into the Sn-poor region, due in fact to an error in the electrodeposition of 5 
the Zn layer.  Limited characterisation of this sample was made at the time, but it was 
found later that the EQE spectrum, shown in Figure 6.2, was far better than any seen 
elsewhere in the investigation: the band edge was sharper and the spectrum was flat over 
a large range.  This provides some evidence that compositions in the Sn-poor region are 
indeed favourable.  As a final result, this diagram also bears out a prediction of the 10 
growth model in Chapter 3: that alloying a stacked precursor will not make a significant 
difference to film formation. Therefore there is no need to intentionally alloy the 
precursor, and perhaps no benefit to manufacturing a mixed precursor  
 
Figure 6.2. EQE spectra recorded for a sample that had a composition in the Sn-poor region of the ternary 15 
phase diagram: Cu/(Zn+Sn) = 1, Zn/Sn = 1.4. Recorded in 0.2M Eu(III) solution at a potential of -1.0V vs. 
Ag|AgCl. Two sections of the same precursor were sulfurised. One section was alloyed beforehand, the 
other was sulfurised directly. 
Early work showing the apparent favourability of Cu-poor compositions may be part of 
the reason that there are no examples of devices in the Sn-poor region in the CZTS 20 
literature.  Another possible reason for this is that the use of etching in the CZTS literature 
seems to be limited to only a few cases [23, 121]. The presence of the Cu-S phases which 
will inevitably occur in the Sn-poor region would be disastrous for device performance 
unless they were etched away before device completion.  
 25 
Alloyed 
Unalloyed 
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6.3 Recommendations for further investigation 
Based on the above conclusions, we can make some practical suggestions for future CZTS 
research: 
(1) Growth studies should be performed for samples within each region of the ternary 
phase diagram, with attention to the presence and distribution of secondary 5 
phases in the film. 
(2) The effect of sulfurisation time must be reinvestigated, both for films and 
complete devices, particularly with respect to the changes in acceptor 
concentration.  
(3) The acceptor concentration should be further investigated for different processing 10 
methods, and there is a clear need for more fundamental studies on the nature of 
defects in CZTS. 
(4) The observed band gap variations are interesting; and should be studied further, 
especially with regard to the band alignment with potential buffer layer materials. 
(5) The structural and optical properties of the secondary thiospinel phase Cu2ZnSn3S8 15 
should be studied, particularly with respect to its similarity to the ordered vacancy 
compounds found in the Cu-In-Se and Cu-In-S systems.  
(6) A hugely important contribution would be the elucidation of the ternary phase 
diagram in the Cu2S-ZnS-SnS2 system at temperatures closer to the typical CZTS 
synthesis conditions, i.e. around 550°C. 20 
 
In general, developments in the CZTS field are promising; device efficiencies are steadily 
improving and we can expect this to continue as the research effort expands. There are 
some useful analogies to made with the related CIS and CIGS materials, in terms of their 
chemistry as well as opto-electronic properties, which should be fully utilised in order to 25 
accelerate the development of CZTS. However, it is equally important to pay attention to 
the unique properties of CZTS, which include for example the additional secondary phases 
it can form, and the unique defects that it must possess.  There is much further work to 
be done to optimise film performance, which requires both fundamental studies of the 
material as well as exploration of the behaviour of CZTS within device structures. The 30 
main role of this investigation has perhaps been to elaborate some fruitful areas for 
further study.  
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